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INTRODUCTION 

The  term  ‘Triple  Negative  Breast  Cancer’  (TNBC)  represents  a  heterogeneous  group  of  diseases 
and  clearly  does  not  comprise  a  “single  entity”.  While  triple-negative  cancer  is  not  a  synonym 
for  basal-like  cancer,  basal-like  cancers  are  preferentially  negative  for  estrogen  receptor  (ER) 
and  progesterone  receptor  (PR)  and  lack  human  epidermal  growth  factor  receptor  2  (HER2) 
expression.  While  it  is  clear  that  all  TNBC  does  not  fall  into  the  basal-like  phenotype  and  vice 
versa,  there  is  microarray-based  gene  expression  analysis  demonstrating  a  significant  overlap  (1). 
Clinical  similarities  also  exist  between  triple-negative  tumors  and  basal-like  tumors  including:  a 
higher  prevalence  in  African-American  women,  greater  frequency  in  younger  patients,  and  a 
more  aggressive  phenotype  than  other  molecular  subgroups.  EMT  (epithelial  to  mesenchymal 
transition)  is  the  process  by  which  epithelial  cells  convert  to  mesenchymal  cells  and  is  essential 
in  embryonic  development.  It  appears  that  aberrant  activation  of  EMT  later  in  life  drives  cancer 
progression,  and  is  involved  in  highly  aggressive,  poorly  differentiated  breast  cancers  with 
increased  potential  for  metastasis  and  recurrence  (2).  Basal-like  breast  carcinomas  express  genes 
associated  with  an  EMT  phenotype  and  is  found  in  normal  basal/myoepithelial  cells  of  the 
breast,  including  high-molecular-weight  'basal'  cytokeratins,  vimentin,  and  N-cadherin. 
Interestingly  invasive  breast  cancers  with  a  mesenchymal  (basal-like)  phenotype  have  been 
described  to  exhibit  the  loss  of  expression  of  certain  miRNAs  (3).  MicroRNA’s  are  a  class  of 
short  non-coding  RNAs  found  in  many  plants  and  animals  and  often  act  post-transcriptionally  to 
inhibit  gene  expression.  It  has  been  shown  that  cells  that  had  undergone  EMT  in  response  to 
TGF-P  demonstrated  marked  downregulation  of  miR-200  family  members,  while  enforced 
expression  of  miR-200  was  sufficient  to  prevent  TOFft-induccd  EMT  (4).  Epigenetic  alterations 
including  modification  of  histones  and  others  proteins  by  acetylation  and/or  phosphorylation 
play  critical  roles  in  the  control  of  gene  regulation.  Inhibitors  of  HDACs  (HDACi)  function  to 
block  the  deacetylation  of  histones  by  HDACs,  which  in  turn  blocks  the  inhibition  of  gene 
expression  including  miRNA  expression.  Using  microRNA  array  analysis,  a  rapid  alteration  of 
miRNA  levels  in  response  to  HDACi  in  the  breast  cancer  cell  line  SKBr3  has  been  reported  (5). 
The  work  described  here  tests  the  hypothesis  that  HDACi-induced  increases  of  miRNA  levels 
regulate  the  epithelial-to-mesenchymal  transition  in  TNBC.  These  results  indicate  the  potential 
therapeutic  uses  of  HDACi  to  reverse  the  EMT  phenotype  and  metastatic  progression  of  TNBC. 
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Task  1.  HDAC  analysis  of  miRNA  profiles  in  triple-negative  breast  cancer  cells. 

Completed 

Results  have  recently  been  published  in  our  manuscript  “The  histone  deacetylase  inhibitor 
trichostatin  A  alters  microRNA  expression  profiles  in  apoptosis-resistant  breast  cancer  cells”, 
Oncology  Reports  27:  10-16,  2012;  Additional  data  are  included  in  a  manuscript  currently  in 
preparation  titled  “The  pan-deacetylase  inhibitor  LBH589  up-regulates  anti-metastatic 
microRNAs  miR-335  and  miR-203  in  triple-negative  breast  cancer  cells”  to  be  submitted  to 
Cancer  Research. 


Task  2.  qPCR  validation  of  HDAC  regulated  miRNAs. 
Task  2a.  qPCR  validation  of  HDAC  regulated  miRNAs. 


This  task  is  ongoing  due  to  the  large  number  of  HDACi-induced  changes  across  a  variety  of 
TNBC  cell  lines.  Results  thus  far  indicate  consistent  changes  in  the  microarray  and  qPCR. 

miR  expression  validation  by  independent  qPCR 
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Task  2b.  Determine  effects  of  HDACi  on  EMT  phenotype  of  TNBC  cells. 

This  task  is  ongoing.  Data  in  our  MDA-MB-231  cells  treated  with  HDACi  (lOOnM) 
demonstrating  a  significant  increase  in  E-cadherin  expression  by  flow  cytometry  and  ELISA,  as 
well  as  increased  E-cadherin  protein  expression  by  IF  in  xenograft  tumors  have  been  published 
(“Targeting  triple-negative  breast  cancer  cells  with  the  HD  AC  inhibitor  Panobinostat”  BCR, 
accepted  for  publication  April  16th,  2012).  Studies  examining  vimentin  expression,  a 
mesenchymal  cell  marker,  following  HDACi  treatment  are  also  being  conducted,  but  we  do  not 
have  the  results  at  this  time. 


To  confirm  the  effects  previously  observed  that  HDAC  treatment  inhibited  cell  migration  in  our 
MDA-MB-231  and  MDA-MB-468  cell  lines,  we  further  tested  the  effects  on  our  other  TNBC 
lines  MDA-MB-157  and  BT-549.  Treatment  with  an  HDACi  (100  nM)  for  24hrs  results  in 
decreased  migration  of  TNBC  cell  lines.  Additionally,  preliminary  results  with  MDA-MB-231 
cells  treated  with  an  HDACi  (100  nM)  for  24  hours  revealed  a  decreased  ability  to  invade 
through  a  matrigel  coated  membrane.  These  results  are  included  in  a  manuscript  currently  in 
preparation  anticipated  to  be  submitted  to  Clinical  Cancer  Research  titled  “LBH589  inhibits 
metastasis  in  triple-negative  breast  cancer  through  regulation  of  microRNA  and  EMT”  which 
explores  the  HDACi  mechanism  of  EMT  regulation. 
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Task  3.  Anti-miR  strategies  to  reverse  effects  of  HDACi  and  miR  on  EMT. 

This  task  has  been  initiated.  We  have  generated  stable  cell  lines  expression  the  following  miRs  in 
our  TNBC  cell  lines:  miRs  194,  200b,  215,  and  335.  Biological  characterization  of  these  cells, 
including  analysis  for  effects  of  on  EMT  phenotype,  are  ongoing. 

Task  4.  miR  lentiviral  expression  library  analysis  of  effects  on  EMT-MET  in  triple¬ 
negative  breast  cancer  cells. 

Complete 

Bt-549  cells  have  been  transduced  with  a  miRNA  lentiviral  library  (miR  eGFP  tagged).  Initial 
screens  are  ongoing  to  identify  miRs  regulating  EMT-MET  in  TNBC.  Cell  samples  are  to  be  sent 
for  sequencing  next  month. 

Task  5.  Follow  up  analyses  for  miR  library  screen. 

The  experiments  outlined  below  are  currently  ongoing  due  to  the  time  it  took  to  optimize  the 
lentiviral  library  screen  above. 

Task  5a.  qPCR  confirmation  of  miRNA  expression  in  the  library  transduced  TNBC  cells. 

Cell  samples  from  task  4  are  to  be  sent  for  sequencing  next  month  to  identify  the  miRs  which 
regulate  EMT-MET.  Once  identified,  individual  miRs  will  be  transfected  into  TNBC  cells  and 
stable  cell  lines  generated  and  confirmed  by  qPCR. 
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Task  5b.  Determine  effects  of  miR  expression  on  TNBC  EMT  phenotype. 

Cell  lines  generated  in  task  5  a  will  be  analyzed  for  effects  of  miR  expression  on  proliferation, 
migration/invasion,  and  expression  of  epithelial  and  mesenchymal  cell  markers.  These 
experiments  are  currently  being  conducted  on  the  stable  cell  lines  we  have  already  generated 
from  task  3  (miR-200b). 

Task  5c.  Validation  of  miR  effects  on  target  gene  expression. 

This  task  is  currently  ongoing.  TargetScan  algorithms  are  being  used  to  predict  targets  for  miR 
identified  in  the  above  tasks  as  well  as  those  previously  identified  in  tasks  2  and  3.  The  effects  of 
miR  expression  on  predicted  targets  will  be  tested  by  qPCR  analysis. 
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KEY  RESEARCH  ACCOMPLISHMENTS 

•  Identified  HDACi-induced  miR  changes  in  TNBC  cell  lines,  many  of  which  have  been 
implicated  in  EMT  and  metastasis  regulation. 

•  Demonstrated  increased  expression  of  E-cadherin  in  TNBC  cells  following  treatment 
with  HDACi,  indicating  the  reversal  of  the  EMT  phenotype. 

•  Demonstrated  inhibition  of  cell  migration  of  TNBC  cell  lines  treated  with  HDACi. 

REPORTABLE  OUTCOMES 

Rhodes  LV,  Bratton  MR,  Zhu  Y,  Tilghman  SL,  Muir  SE,  Salvo  VA,  Tate  CR,  Elliott  S,  Nephew 
KP,  Collins-Burow  BM,  and  Burow  ME.  Effects  of  SDF-1-CXCR4  signaling  on  microRNA 
expression  and  tumorigenesis  in  estrogen  receptor-alpha  (ER-a)-positive  breast  cancer  cells, 
Experimental  Cell  Research  2011,  317:  2573-2581. 

Rhodes  LV,  Nitschke  AM,  Segar  HC,  Martin  EM,  Driver  JL,  Elliott  S,  Nam  SY,  Li  M,  Nephew 
KP,  Burow  ME,  and  Collins-Burow  BM.  The  histone  deacetylase  inhibitor  trichostatin  A  alters 
microRNA  expression  profiles  in  apoptosis-resistant  breast  cancer  cells,  Oncology  Reports  2012, 
27:  10-16. 

Tate  CR,  Rhodes  LV,  Segar  HC,  Driver  JL,  Pounder  FN,  Burow  ME,  and  Collins-Burow  BM. 
Targeting  triple-negative  breast  cancer  cells  with  the  HDAC  inhibitor  Panobinostat,  Breast 
Cancer  Research,  Accepted  for  publication  April  16th,  2012. 


CONCLUSION 

As  triple-negative  breast  cancer  has  not  benefited  from  the  advances  seen  in  the  realm  of 
endocrine  and  targeted  therapy  thus  far,  it  is  imperative  to  develop  novel  treatment  strategies  for 
this  disease.  Our  results  reported  here  have  identified  putative  microRNAs,  regulated  by  HDAC 
inhibitors,  whose  altered  expression  may  play  a  role  in  the  initiation  of  an  invasive  phenotype. 
Validation  of  the  biological  roles  of  these  microRNAs  in  the  regulation  of  EMT  holds  promise  as 
therapeutic  targets  for  the  reversal  of  the  invasive  and  metastatic  phenotype  associated  with  the 
lethality  of  triple-negative  breast  carcinoma. 
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The  majority  of  breast  cancer  cases  ultimately  become  unresponsive  to  endocrine  therapies,  and  this 
progression  of  breast  cancer  from  hormone-responsive  to  hormone-independent  represents  an  area 
in  need  of  further  research.  Additionally,  hormone-independent  carcinomas  are  characterized  as 
being  more  aggressive  and  metastatic,  key  features  of  more  advanced  disease.  Having  previously 
shown  the  ability  of  the  stromal-cell  derived  factor-1  (SDF-1  )-CXCR4  signaling  axis  to  promote 
primary  tumorigenesis  and  hormone  independence  by  overexpressing  CXCR4  in  MCF-7  cells,  in  this 
study  we  further  examined  the  role  of  SDF-1 /CXCR4  in  the  endogenously  CXCR4- positive,  estrogen 

receptor  a  (ER-a)-positive  breast  carcinoma  cell  line,  MDA-MB-361.  In  addition  to  regulating 
estrogen-induced  and  hormone-independent  tumor  growth,  CXCR4  signaling  stimulated  the 
epithelial-to-mesenchymal  transition,  evidenced  by  decreased  CDH1  expression  following  SDF-1 
treatment.  Furthermore,  inhibition  of  CXCR4  with  the  small  molecule  inhibitor  AMD3100  induced 
CDH1  gene  expression  and  inhibited  CDH2  gene  expression  in  MDA-MB-361  cells.  Further,  exoge¬ 
nous  SDF-1  treatment  induced  ER-a-phosphorylation  in  both  MDA-MB-361  and  MCF-7-CXCR4 
cells,  demonstrating  ligand-independent  activation  of  ER-a  through  CXCR4  crosstalk.  qPCR  microRNA 
array  analyses  of  the  MDA-MB-361  and  MCF-7-CXCR4  cell  lines  revealed  changes  in  microRNA  ex¬ 
pression  profiles  induced  by  SDF-1,  consistent  with  a  more  advanced  disease  phenotype  and  further 
supporting  our  hypothesis  that  the  SDF-1/CXCR4  signaling  axis  drives  ER-a-positive  breast  cancer 
cells  to  a  hormone  independent  and  more  aggressive  phenotype.  In  this  first  demonstration  of  SDF- 
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l-CXCR4-induced  microRNAs  in  breast  cancer,  we  suggest  that  this  signaling  axis  may  promote  tu- 
morigenesis  via  microRNA  regulation.  These  findings  represent  future  potential  therapeutic  targets 
for  the  treatment  of  hormone-independent  and  endocrine-resistant  breast  cancer. 

©  201 1  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Chemokines  are  a  family  of  structurally  related  glycoproteins, 
originally  described  as  molecules  mediating  chemotactic  events 
[1,2],  Stromal  cell-derived  factor-1  (SDF-1),  also  known  as  CXCL12, 
is  a  member  of  the  CXC  chemokine  subfamily  and  the  only  known 
ligand  for  CXC  chemokine  receptor  4  (CXCR4).  Though  involved 
in  many  biological  processes,  the  SDF-1 -CXCR4  signaling  axis  has 
been  shown  to  play  important  roles  in  breast  cancer  [2,3],  CXCR4 
is  overexpressed  in  both  primary  invasive  and  in  situ  ductal  carcino¬ 
mas,  suggesting  an  important  role  for  the  SDF-1 -CXCR4  axis  at  all 
stages  of  the  disease  [4];  however,  the  impact  of  CXCR4  signaling 
in  primary  breast  tumorigenesis  remains  to  be  clearly  defined. 

Estrogen  receptor  alpha  (ER-a)  status  is  a  widely  used  prog¬ 
nostic  marker  of  breast  carcinoma,  and  it  has  long  been  known 
that  estrogen  has  the  ability  to  promote  breast  tumor  formation 
and  proliferation  [5,6],  Inhibition  of  ER-a  signaling  abrogates  the 
tumor  promoting  effects  of  estrogen  [5,7-10];  these  effects  are  re¬ 
sponsible  for  the  successful  application  of  targeted  therapies  such 
as  tamoxifen,  fulvestrant  (ICI  182,780),  and  aromatase  inhibitors. 
Despite  the  effectiveness  of  these  therapies,  approximately  half 
of  ER-a-positive  breast  cancer  patients  exhibit  de  novo  resistance, 
while  those  initially  responsive  will  eventually  develop  resistance 
[11],  The  progression  to  endocrine-resistance  and  hormone-inde¬ 
pendence  represent  hallmarks  of  progressive  carcinoma  [12,13], 
We  have  recently  demonstrated  the  ability  of  CXCR4  overexpres¬ 
sion  to  promote  hormone-independent  tumorigenesis  in  the  nor¬ 
mally  ER-a  (  +  ),  estrogen-dependent  MCF-7  breast  carcinoma  cell 
line  [14].  SDF-1  is  a  known  ER-a-mediated  gene,  and  our  data  as 
well  as  others,  support  the  existence  of  an  ER-a-SDF-l/CXCR4 
crosstalk  [14,15],  which  may  strongly  contribute  to  the  progression 
to  hormone  independence. 

In  addition  to  being  overexpressed  in  a  number  of  malignant 
cancers  including  breast,  CXCR4  is  a  known  mediator  of  metastasis 
[3,16-18],  The  pro-metastatic  effects  of  SDF-1/CXCR4  signaling  in 
breast  cancer  can  be  inhibited  through  the  use  of  blocking  antibodies, 
small  molecule  inhibitors,  as  well  as  heparin  oligosaccharides 
[4,14,19].  Further,  SDF-1  and  CXCR4  expression  have  been  associated 
with  the  epithelial-to-mesenchymal  transition  (EMT)  phenotype, 
characterized  by  the  loss  of  epithelial  markers  (E-cadherin,  Zo-1) 
and  the  gain  of  mesenchymal  surface  markers  (N-cadherin,  vimentin), 
a  key  step  in  the  progression  to  a  metastatic  phenotype  [14,20,21], 
In  addition,  EMT  has  been  shown  to  be  regulated  by  microRNAs 
(miRNA)  [22-24],  small  non-coding  RNA  (18-22  nucleotides)  that 
downregulate  the  expression  of  target  genes  by  degradation  of 
mRNA  or  inhibition  of  translation  [25],  Despite  evidence  of  other 
chemokines  mediating  miRNA  expression  as  well  as  miRNA  target¬ 
ing  of  chemokine  signaling  [26-28],  the  effects  of  SDF-1 -CXCR4 
signaling  on  miRNA  expression  in  breast  cancer  have  not  yet  been 
examined.  This  is  of  particular  interested  in  the  area  of  breast  cancer 
research  as  the  SDF-1 -CXCR4  axis  is  emerging  not  only  as  a  regula¬ 
tor  of  cell  metastasis,  but  also  in  primary  cancer  tumorigenesis, 


hormone  independence,  and  disease  progression  [4,14].  Insight 
into  the  mechanism  of  SDF-1 -CXCR4  action  in  breast  cancer  may 
provide  future  therapeutic  targets  for  the  development  of  novel  can¬ 
cer  treatments. 

The  purpose  of  this  study  was  to  investigate  the  effects  of  CXCR4 
signaling  on  primary  tumorigenesis,  EMT  phenotype,  and  regulation 
of  ER-a  phosphorylation  in  the  endogenously  ER-a  ( + )/CXCR4  ( + ) 
breast  carcinoma  cell  line  MDA-MB-361.  To  gain  further  mechanis¬ 
tic  insight  into  the  SDF-1-CXCR4  axis,  we  compared  miRNA  profiles 
of  MDA-MB-361  cells  with  an  MCF-7  cell  line  artificially  overexpres¬ 
sing  CXCR4  [14].  This  is  the  first  report  of  hormone-dependent  and 
-independent  regulation  of  MDA-MB-361  tumorigenesis  by  the 
SDF-1-CXCR4  axis  and  provides  compelling  evidence  that  SDF-1  in¬ 
duces  gene,  protein,  and  miRNA  expression  changes  consistent  with 
a  more  aggressive  phenotype. 


Materials  and  methods 

Cells  and  reagents 

The  MDA-MB-361  cell  line  (ER-a-positive  human  breast  cancer  cell 
line)  was  acquired  from  ATCC.  The  MDA-MB-361  cell  line  was  cho¬ 
sen  for  these  studies  due  to  their  ER-a-positive  status  as  well  as  high 
basal  level  expression  of  CXCR4  [14].  The  MCF-7  cell  line  overex¬ 
pressing  CXCR4  was  generated  as  previously  published  [14],  and 
cells  were  cultured  as  previously  described  [29,30].  Anti-CXCR4 
blocking  antibody  was  purchased  from  R&D  Systems  (Minneapolis, 
MN)  and  AMD3100  from  Sigma-Aldrich  (St.  Louis,  MO). 

Animal  studies 

Primary  xenograft  tumor  studies  were  performed  as  described 
[29,30].  MDA-MB-361  cells  were  harvested  and  viable  cells  mixed 
with  Matrigel  Reduced  Factors  (BD  Biosciences,  San  Jose,  CA). 
5x  106  cells  were  injected  bilaterally  into  the  mammary  fat  pad  of 
4-6  weeks  old  ovariectomized  female  Nu/Nu  mice.  Tumor  size  was 
monitored  by  digital  caliper  and  tumor  volume  calculated  with  the 
formula:  4/3ttLM2  (L= larger  radius,  M  =  smaller  radius).  Anti- 
CXCR4  treatment  groups  were  injected  with  cells  mixed  with  50ul 
matrigel  containing  anti-CXCR4  blocking  antibody  (75  ng/injection) 
or  IgG  control.  AMD3100  treatment  experiment  animals  were 
injected  intraperitoneally  (i.p.)  with  AMD3100  (5  mg/kg/animal) 
suspended  in  DMSO  and  PBS  (1:5)  once  daily  for  the  duration  of 
the  study.  Specific  treatment  start  dates  are  indicated  in  the  corre¬ 
sponding  figure  legend.  Experimental  groups,  n  =  5.  All  procedures 
involving  animals  were  conducted  in  compliance  with  State  and 
Federal  laws,  U.S.  Department  of  Health  and  Human  Services,  and 
guidelines  established  by  Tulane  University  Animal  Care  and  Use 
Committee.  The  facilities  and  laboratory  animal  programs  of  the 
University  are  accredited  by  the  Association  for  the  Assessment 
and  Accreditation  of  Laboratory  Animal  Care. 
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RNA  isolation  and  quantitative  realtime  PCR 

Total  RNA  was  isolated  from  cultured  cells  using  RNeasy  (Qiagen, 
Valencia,  CA)  following  manufacturer's  protocol  and  the  quantity 
and  quality  determined  by  absorbance  (260,  280  nm).  2  pg  total 
RNA  was  reverse- transcribed  (iScript  kit;  BioRad  Laboratories,  Her¬ 
cules,  CA)  and  analyzed  by  real-time  PCR  [31].  Primer  sequences 
are  as  follows  (Invitrogen,  Carlsbad,  CA):  [3-Actin  (5'-TGAGCGCGGC- 
TACAGCTT-3':  5 '-CCTTAATGTCACACACG ATT-3 ' ) ,  CXCR4  (5'-GCAT- 
GACGGACAAGTACAGGCT-3';  5'-AAAGTACCAGTTTGCCACGGC-3 ' ) , 
CDH1  ( 5 ;  -AGGTGACAGAGCCTCTGGATAGA-3 ' ;  5'-TGGATGACA- 
CAGCGTGAGAGA-3 ' ) ,  CDH2  (5;-GCCCCrCAAGTG1TACCrCAA-3’;  5’- 
AGCCGAGT GATGGTCCAA 111-3'),  forward  and  reverse,  respectively. 

Reverse  transcriptase-polymerase  chain  reaction 

2  pg  total  RNA  (above)  was  used  to  synthesize  cDNA  transcribed  with 
Superscript  III  (Invitrogen,  Carlsbad,  CA)  and  mRNA  amplified.  Primer 
sequences  are  as  follows  (Invitrogen,  Carlsbad,  CA):  CXCR4  (5'-AGTA- 
TATACACTTCAGATAAC-3 ' ;  5'-CCACCmTCAGCCAACAG-3'):  SDF-1 
( 5 '-GCCAG AGCCAACGTCAAGCATCTC-3 ' ;  5'-GGCAAAGTGTCCAAAA- 
CAAAGCCC-3');  PgR  ( 5  '-GAATTTAGCGGGGATCCA-3 ' ;  5'-TGCCA- 
CACrTCGATTTGT-3');  BCL2  (5'-CGCCCTGTGGATGACTGAGT-3';  5'- 
GGGCCGTACAGTTCCACAA-3 ' ) ;  VEGF  (5'-GCAGAAGGAGGAGGGCA- 
GAATC-3';  5 ' -GGCACACAGGATGGCTTGAAGATG-3 ' ) ;  GAPDH  (5'- 
ACAGTCAGCCCGCATCrrcrr-3';  5'-GACAAGCrTCCCGTTCrCAG-3'). 

CDH1  ELISA 

The  human  sE-Cadherin  ELISA  was  carried  out  according  to  the 
manufacturer's  protocol.  Briefly,  MDA-MB-361  cells  ( 1 04  cells/ 
well)  were  plated  overnight  and  treated  for  72  h  with  SDF-1 
(100  ng/ml)  or  vehicle  control.  After  cell  lysis  and  centrifugation, 
the  cytoplasmic  fractions  were  diluted  1:1  with  calibrator  diluent 
and  the  level  of  E-cadherin  (CDH1)  determined  by  sE-Cadherin 
ELISA  (DCADE0;  R&D  Systems,  Minneapolis,  MN).  The  absorbance 


was  read  on  a  Bio-Tek  Synergy  plate  reader  (Winooski,  VT)  at 
450  nm.  Data  represented  as  mean  percent  control  ±  SEM.  Assays 
were  run  in  triplicate  with  internal  duplicate  drug  treatments. 

Western  blot  analysis 

Western  blot  analyses  were  conducted  as  published  [32].  After  72  h 
in  phenol  red-free  DMEM  medium  supplemented  with  5%  charcoal- 
stripped  fetal  bovine  serum  (CS-FBS),  cells  were  refed  with  medium 
containing  SDF-1  ( 1 00  ng/ml).  Cells  were  harvested  at  the  indicated 
time  points  (0-120  min)  in  PBS/EDTA.  Membranes  were  probed 
with  primary  antibodies  according  to  manufacturer's  protocol.  Anti¬ 
bodies  are  phospho  SI  18,  phospho  SI  67  (Cell  Signaling  Technology, 
Danvers,  MA),  total  ER-a,  Rho-GDl  (Santa  Cruz  Biologicals,  Santa 
Cruz,  CA).  IR-tagged  secondary  antibodies  were  purchased  from 
Li-Cor  Biosciences.  Blots  were  analyzed  by  the  Odyssey  Infrared 
Imaging  System  (Li-Cor  Biosciences,  Lincoln,  NE).  Experiments 
were  conducted  in  triplicate. 

microRNA  qPCR  array 

The  Human  Cancer  microRNA  RT2  Profiler™  PCR  Arrays  (MAH- 
102A)  were  obtained  from  SABiosciences  (Frederick,  MD).  MDA- 
MB-361  or  MCF-7-CXCR4  cells  were  plated  in  5%  CS  DMEM  at 
50%  confluency  and  treated  24  h  later  with  SDF-1  (100  ng/ml)  or 
vehicle  for  24  h.  Cells  were  harvested  and  total  RNA,  including 
small  RNA,  was  isolated  using  the  miRNeasy  kit  per  manufacturer’s 
instructions  (Qiagen,  Valencia,  CA).  The  quantity  and  quality  of  the 
RNA  were  determined  by  absorbance  at  260  and  280  nm  using  the 
NanoDrop  ND-1000  spectrophotometer  (NanoDrop,  Wilmington, 
DE).  Total  RNA  (1.5  pg)  was  reverse-transcribed  using  the  miRNA 
RT2  First  Strand  cDNA  synthesis  kit  following  manufacturer's  proto¬ 
col  (SABiosciences,  Frederick,  MD)  and  assayed  via  an  optimized, 
real-time  RT-PCR  reaction  for  expression  of  84  miRNA  genes  related 
to  cancer  regulation  according  to  the  manufacturer's  protocol. 
Experiments  were  run  in  triplicate. 


A  B 


Days  Post  Injection 


Fig.  1  -  CXCR4  expression  drives  estrogen-stimulated  MDA-MB-361  tumorigenesis.  (A)  MDA-MB-361  cells  were  harvested  for  RNA 
isolation  and  basal  expression  of  CXCR4  examined  by  qPCR  compared  to  MCF-7  and  MDA-MB-231  cells.  Bars  represent  mean  fold 
expression  ±  SEM  of  triplicate  experiments.  (B-C)  Female,  4-6  weeks  old,  ovariectomized  Nu/Nu  mice  (n  =  5/group)  were  injected 
(MFP)  with  5x  106  MDA-MB-361  cells  in  50ul  of  Matrigel.  Animals  were  implanted  with  17[3-estradiol  (0.72  mg,  60  day  time 
release)  pellets  subcutaneously  in  the  dorsal  neck.  (B)  Matrigel  injections  contained  isotype  IgG  or  anti-CXCR4  (75  ng/injection) 
antibodies.  (C)  Following  tumor  formation  (11  days  post  cell  injection),  animals  were  treated  with  twice  daily  i.p.  injections  of 
vehicle  or  AMD3100  (5  mg/kg/animal).  Tumors  were  measured  by  digital  caliper.  Data  represented  as  average  tumor  volume 
(mm3)  ± SEM.  *p<0.05,  “p<0.01. 
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Statistical  analysis 

Studies  involving  >2  groups  analyzed  by  one-way  ANOVA  with 
Tukey's  post-test;  all  others  were  subjected  to  unpaired  Student's 
t-test  (Graph  Pad  Prism  V.4).p-Values<0.05  were  considered  sta¬ 
tistically  significant. 


Results 

CXCR4  signaling  regulates  estrogen-stimulated  MDA-MB-361 
tumorigenesis 

CXCR4  gene  expression  levels  were  confirmed  by  qPCR  in  the 
MDA-MB-361  breast  cancer  cell  line  ( 3.62  ±0.82  fold,  p  <  0.05 )  com¬ 
pared  to  the  known  ER-a  ( + )/CXCR4low  MCF-7  cell  line  (set  to  1 )  and 
the  ER-a  ( - )/CXCR4high  MDA-MB-231  cell  line  (5.09±1.14  fold, 
p<0.05)  (Fig.  1A).  RT-PCR  analysis  of  cells  treated  with  estrogen 
(lOOpM)  for  18  h  revealed  increased  levels  of  ER-a-mediated  genes 
including  PgR,  BCL2,  and  VEGF-A  (Supplemental  Fig.  1A)  confirming 
intact  ER-a  signaling  in  our  MDA-MB-361  cell  system.  Additionally, 
SDF-1,  an  ER-a-inducible  gene  [33],  was  increased  4.8  ±0.34  fold 
(p<  0.001)  in  response  to  estrogen  stimulation  (Supplemental  Fig. 
IB),  further  demonstrating  a  link  between  ER-a  signaling  and  the 
SDF-1/CXCR4  axis. 

We  have  previously  shown  that  artificial  CXCR4  overexpression 
enhances  tumor  growth  in  the  ER-a-dependent  MCF-7  breast  carci¬ 
noma  cell  line  [14].  Therefore,  having  confirmed  endogenous  ex¬ 
pression  of  CXCR4  in  the  MDA-MB-361  cell  line,  the  effects  of 
CXCR4  signaling  on  MDA-MB-361  tumorigenesis  were  examined 
using  our  well  established  xenograft  tumor  model  [14],  4-6  week 
old  ovariectomized  female  nude  mice  supplemented  with  1713- 
estradiol  pellets  (0.72  mg,  60  day  release)  were  injected  with 
MDA-MB-361  cells  in  the  mammary  fat  pad  (MFP).  Results  revealed 
decreased  estrogen-stimulated  tumor  volume  in  animals  injected 
with  MDA-MB-361  cells  mixed  with  matrigel  containing  anti- 


CXCR4  blocking  antibody  (57.7  ±23.7  mm3,  p<0.01)  compared  to 
isotype  control  (164.8  ±19.8  mm3;  Fig.  IB)  on  day  46  post  cell  injec¬ 
tion,  as  well  as  animals  treated  with  daily  injections  of  AMD3100 
( 1 59.4 ±  19.0 mm3,  p< 0.05)  compared  to  vehicle  control  animals 
(241.2  ±  37.8  mm3;  Fig.  1C)  on  day  25  post  cell  injection.  These  re¬ 
sults  reveal  a  role  for  SDF-1 /CXCR4  signaling  in  hormone-driven 
tumorigenesis  of  MDA-MB-361  cells. 

CXCR4  expression  drives  hormone-independent  MDA-MB-361 
tumorigenesis 

Though  MDA-MB-361  cells  remain  estrogen-responsive  both  in 
vitro  and  in  vivo,  these  cells  also  possess  the  ability  to  grow  indepen¬ 
dently  of  estrogen  in  a  xenograft  model  (Supplemental  Fig.  1C).  Pre¬ 
vious  work  from  our  lab  demonstrated  the  ability  of  CXCR4 
overexpression  to  induce  hormone-independent  tumorigenesis  in 
an  artificial  system  [14J;  therefore,  the  effect  of  CXCR4  signaling  on 
MDA-MB-361  hormone-independent  tumorigenesis  was  also  exam¬ 
ined.  4-6  week  old  ovariectomized  female  nude  mice  were  injected 
with  MDA-MB-361  cells  in  the  MFP  in  the  absence  of  estrogen.  Fol¬ 
lowing  detectable  tumor  formation  (day  26  post  cell  injection),  ani¬ 
mals  were  randomized  into  treatment  groups  which  received  daily 
i.p.  injections  of  the  CXCR4-specific  inhibitor  AMD3011  (5  mg/kg) 
or  vehicle  control  for  1 5  days.  As  shown  in  Fig.  2A,  at  day  41  post 
cell  injection,  tumor  volume  in  animals  treated  with  AMD3100  was 
significantly  decreased  (33.6±7.8  mm3,p<0.05)  compared  to  vehi¬ 
cle  treated  animals  (73.6  ±11.1  mm3). 

CXCR4  signaling  promotes  the  epithelial-to -mesenchymal 
transition 

The  SDF-1 /CXCR4  axis  is  a  known  mediator  of  cell  migration  and 
metastasis  [1,3,34,35]  and  the  expression  of  CXCR4  is  correlated 
with  decreased  patient  survival  [14,36,37],  Furthermore,  the  ac¬ 
quisition  of  mesenchymal  characteristics  through  the  process 
known  as  epithelial-to-mesenchymal  transition  (EMT)  has  been 
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Fig.  2  -  CXCR4  signaling  drives  MDA-MB-361  hormone-independent  tumorigenesis  and  stimulates  EMT.  (A)  4-6  week  old  Nu/Nu 
ovariectomized  female  mice  were  injected  (MFP)  with  5  x  106  MDA-MB-361  cells  mixed  with  matrigel  (reduced  factor).  After  tumor 
formation  (day  26  post  cell  injection),  animals  were  randomized  into  treatment  groups  and  received  once  daily  i.p.  treatment  with 
the  CXCR4  inhibitor  AMD3100  (5  mg/kg/animal)  or  vehicle  control.  Tumors  were  measured  by  digital  caliper.  Data  represented 
as  average  tumor  volume  (mm3)  ±  SEM.  (B)  qPCR  analysis  of  EMT-related  genes,  CDH1  and  CDH2,  in  MDA-MB-361  cells  treated 
with  AMD3100  (5  pg/ml)  for  48  h.  Bars  represent  mean  fold  change  ±  SEM  of  triplicate  samples,  vehicle  normalized  to  1.  (C)  CDH1 
protein  levels  as  detected  by  CDH1  ELISA  of  MDA-MB-361  cells  treated  with  SDF-1  (100  ng/ml)  for  72  h.  Bars  represent  mean 
percent  positive±SEM  of  triplicate  samples,  vehicle  normalized  to  100%.  *p<0.05;  **p<0.01;  ***p<0.001. 
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associated  with  increased  migration,  invasion,  and  metastasis 
[38],  Therefore,  we  next  examined  the  role  of  CXCR4  signaling 
on  EMT-related  genes  by  qPCR  analyses.  Inhibition  of  CXCR4 
by  AMD3100  (5  pgml)  in  MDA-MB-361  cells  for  48  h  resulted  in 
increased  expression  of  CDH1  (2.32±0.05  fold,  p<0.05),  a  well 
known  epithelial  cell  marker,  and  decreased  expression  of  CDH2 
(-1.44  ±0.39  fold,  p  <0.01),  a  mesenchymal  cell  marker,  com¬ 
pared  to  vehicle  treated  cells  (normalized  to  1 ;  Fig.  2B).  Additionally, 
as  illustrated  in  Fig.  2C,  SDF-1  treatment  (100  ng/ml)  for  72  h  was 
sufficient  to  decrease  CDH1  protein  expression  by  25%  compared 
to  controls  as  determined  by  ELISA  (from  100%  to  74.94 ±0.9398%; 

p  <0.001). 

SDF-1  induces  ER  phosphorylation  and  microRNA  expression 
changes  concordant  with  a  more  advanced  tumor  phenotype 

To  determine  if  the  effects  of  CXCR4  signaling  on  hormone-indepen¬ 
dence  were  mediated  through  activation  of  the  ER,  western  blot  anal¬ 
ysis  for  phosphorylated  ER-a  was  conducted.  Analysis  of  MDA-MB- 
361  cells  (Fig.  3A)  and  our  previously  characterized  MCF-7  cell  line 
stably  overexpressing  CXCR4  (MCF-7-CXCR4,  Fig.  3B)  revealed  a 
time-dependent  increase  in  ER-ct  phosphorylation  at  both  SI  18  and 
S167  following  SDF-1  treatment  (100  ng/ml).  These  data  suggest 
the  hormone-independent  phenotype  observed  may  be  due,  at  least 
in  part,  to  the  existence  of  an  SDF-1 /CXCR4-ER-a  crosstalk,  in  both 
an  artificial  (MCF-7-CXCR4)  and  an  endogenous  (MDA-MB-361) 
cell  system,  consistent  with  previous  reports  [14,15], 

Altered  miRNA  expression  is  a  common  characteristic  of  many 
cancers,  including  breast,  and  their  effects,  both  oncogenic  and 
tumor  suppressive,  are  exerted  via  regulation  of  many  processes 
including  tumorigenesis  [39],  hormone  independence  and  endo¬ 
crine  resistance  [40-43],  EMT  [44]  and  metastasis  [45].  miRNA 
qPCR  superarray  analyses  of  MDA-MB-361  cells  (Fig.  3C)  and 
MCF-7-CXCR4  cells  (Fig.  3D)  treated  with  SDF-1  for  24  h  revealed 
a  number  of  changes  in  the  miRNA  expression  compared  to  vehicle 
treated  cells.  Clustergrams  shown  in  Fig.  3B-C  illustrate  miRNA  ex¬ 
pression  changes  for  3  independent  samples.  Table  1  displays  the 
miRNAs  found  to  have  significantly  (p<0.01)  changed  expression 
in  response  to  SDF-1  treatment  (miRNAs  commonly  altered  be¬ 
tween  both  cell  lines  are  listed  first). 


Discussion 

CXCR4  expression  is  highly  correlated  with  decreased  breast  carci¬ 
noma  patient  survival  [14,36,37]  and  the  SDF-1-CXCR4  axis  is  a 
known  regulator  of  cancer  metastasis  [34-37,46,47].  Consistent 
with  the  role  of  CXCR4  in  cancer  cell  proliferation,  survival  and 
metastasis,  patient  data  now  show  that  persons  diagnosed  with 
CXCR4(±)  tumors  have  a  significantly  worse  survival  prognosis 
than  those  with  CXCR4(  — )  tumors,  independent  of  ER  status 
[14,36].  Studies  examining  CXCR4  expression  in  clinical  breast  car¬ 
cinoma  samples  revealed  CXCR4  expression  in  both  primary  inva¬ 
sive  breast  carcinomas  as  well  as  ductal  carcinoma  in  situ  (DC1S), 
suggesting  a  role  for  the  SDF-1 -CXCR4  axis  at  all  stages  of  the  dis¬ 
ease  [4],  Despite  numerous  studies  on  the  SDF-1 -CXCR4  axis,  its 
role  in  primary  tumorigenesis  is  not  fully  understood.  Using  the 
endogenously  CXCR4  and  ER-a-positive  MDA-MB-361  breast  car¬ 
cinoma  cell  line  in  addition  to  our  MCF-7-CXCR4  cell  line,  we  have 
shown  here  that  inhibition  of  SDF-1 -CXCR4  signaling  reduces 


both  hormone-independent  and  estrogen-induced  tumorigenesis 
in  vivo.  Furthermore,  we  show  the  ability  of  SDF-1  treatment  to  in¬ 
duce  phosphorylation  of  the  ER-a  at  both  SI  18  and  S167,  indicating 
ligand-independent  activation,  and  further  supporting  the  exis¬ 
tence  of  SDF-1 /CXCR4-ER-a  crosstalk  in  the  regulation  of  hormone- 
independence. 

Analysis  of  miRNAs  regulated  by  SDF-1  using  qPCR  revealed 
key  miRNAs  involved  in  ER-a  regulation.  miRNAs  miR-222,  miR- 
206,  and  miR-18b,  miRNAs  previously  shown  by  us  and  others  to 
target  ER-a  [48-50],  were  aberrantly  expressed  following  stimu¬ 
lation  with  SDF-1.  Importantly,  miR-222  is  not  only  a  known  re¬ 
pressor  of  ER-a  gene  expression,  but  has  also  been  implicated  in 
establishing  resistance  to  both  tamoxifen  [51]  and,  more  recently, 
fulvestrant  [41  ].  It  has  been  suggested  that  miR-222  is  involved  in 
the  transition  from  an  ER-a  ( + )  status  to  an  ER-a  ( — )  one,  indica¬ 
tive  of  the  progression  to  a  more  advanced  phenotype  [49],  Further¬ 
more,  SDF-1  induced  the  expression  of  miRNAs  commonly  shown  to 
be  upregulated  in  ER-a  (  — )  breast  cancer  profiles,  including  miR- 
222,  miR-206,  and  miR-181  d  [49,52],  Taken  together,  these  data 
suggest  that  the  SDF-1 -CXCR4  axis  mediates  hormone  indepen¬ 
dence  and  the  progression  to  a  more  aggressive  phenotype  through 
mechanisms  including  miRNA  expression  changes  and  ER-a 
regulation. 

While  progression  to  hormone  independence  is  a  hallmark  of 
advanced  breast  carcinomas  which  ultimately  progress  to  more 
invasive  and  metastatic  phenotypes  [53],  and  the  link  between 
SDF-1 /CXCR4  expression  and  breast  cancer  metastasis  has  been 
clearly  documented  [3,16,35],  we  demonstrate  here  that  SDF-1 
also  stimulates  the  EMT,  a  key  feature  of  metastatic  cells,  through 
decreased  expression  of  the  epithelial  marker  CDH1.  Furthermore, 
inhibition  of  CXCR4  signaling  with  AMD3100  revealed  inverse  ef¬ 
fects  with  increased  CDH1  gene  expression  and  decreased  expres¬ 
sion  of  CDH2,  a  mesenchymal  cell  marker.  While  the  precise 
mechanism  is  currently  unknown,  we  believe  these  data,  along 
with  our  previously  published  work  [14],  suggest  SDF-1/CXCR4 
regulation  of  EMT. 

Regulation  of  miRNA  expression  might  represent  one  possible 
mechanism  underlying  SDF-1  regulation  of  EMT.  qPCR  miRNA  ana¬ 
lyses  revealed  significant  SDF-1 -induced  changes  in  expression  of 
miRs  associated  with  the  regulation  of  cellular  invasion  and  metasta¬ 
sis.  Well  established  metastatic-inducing  miRNAs  miR-214,  miR- 
222,  and  miR-373  were  increased  following  treatment  with  SDF-1 
[54-57],  SDF-1  also  upregulated  miRNAs  miR-143  and  miR-142-5p, 
which  have  been  reported  to  be  increased  in  profiling  studies  of  met¬ 
astatic  versus  non-metastatic  tumor  samples  [58-60].  These  data 
suggest  that  altered  miRNA  expression  may  play  a  role  in  the  ability 
of  SDF-1  to  induce  a  more  mesenchymal  phenotype  in  MDA-MB- 
361  and  MCF-7-CXCR4  cells. 

The  current  study  demonstrates  a  role  for  SDF-1 -CXCR4  signal¬ 
ing  in  both  estrogen-induced  and  hormone-independent  tumori¬ 
genesis  of  the  endogenously  CXCR4-positive,  ER-a  (  +  )  breast 
cancer  cell  line  MDA-MB-361.  Furthermore,  SDF-1  treatment  in¬ 
duced  changes  in  miRNA  expression,  demonstrated  here  for  the 
first  time,  consistent  with  hormone  independence  and  metastasis. 
In  addition  to  furthering  our  knowledge  of  the  role  of  the  SDF-1 - 
CXCR4  axis  in  the  progression  of  breast  carcinoma,  these  data  pro¬ 
vide  insight  into  the  effects  of  SDF-1 -CXCR4  signaling  on  miRNA 
expression,  a  novel  alternative  mechanism  which  may  provide  fu¬ 
ture  therapeutic  targets  for  the  treatment  of  ER-a  (  +  ),  CXCR4 
(  +  ),  hormone-independent  breast  disease. 
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Fig.  3  -  SDF-1  activates  ER-ot  via  phosphorylation  and  alters  miR  expression  consistent  with  more  advanced  phenotype. 

(A-B)  Western  blot  analysis  for  ER-a  phosphorylation  at  serine  118  and  serine  167  in  a  time  course  treatment  of  (A)  MDA-MB-361 
or  (B)  MCF-7-CXCR4  cells  with  SDF-1  (100  ng/ml)  following  72  h  of  serum  starvation.  Rho  GDI  or  a-tubulin  were  used  as  loading 
controls.  Each  gel  is  representative  of  three  independent  blots.  (C-D)  Representative  clustergrams  of  miRNA  expression  changes  as 
determined  by  qPCR  arrays  in  (C)  MDA-MB-361  or  (D)  MCF-7-CXCR4  cells  following  24  h  of  treatment  with  SDF-1  (100  ng/ml).  Red 
indicates  increased  expression,  while  green  denotes  decreased  expression. 
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Table  1  -  SDF-1 -induced  microRNA  expression  changes  in 


CXCR4-positive  breast  carcinoma  cells. 


MDA-MB-361 

microRNA 

Fold  change 

p-Value 

18b 

1.82 

<0.01 

96 

1.39 

<0.01 

98 

2.49 

<0.05 

181d 

1.26 

<0.05 

let-7a 

1.59 

<0.01 

let-7c 

1.56 

<0.01 

let-7d 

1.56 

<0.05 

let-7f 

2.59 

<0.05 

let-7g 

1.25 

<0.05 

124 

3.14 

<0.05 

127-5p 

1.87 

<0.01 

133b 

4.57 

<0.05 

142-5p 

2.12 

<0.05 

143 

1.76 

<0.05 

144 

5.71 

<0.001 

150 

5.41 

<0.05 

206 

5.91 

<0.05 

214 

3.74 

<0.05 

222 

1.99 

<0.01 

372 

4.40 

<0.001 

373 

12.61 

<0.05 

MCF-7-CXCR4 

microRNA 

Fold  change 

p-Value 

18b 

1.89 

<0.05 

96 

19.34 

<0.05 

98 

20.53 

<0.05 

181d 

4.54 

<0.01 

let-7a 

24.70 

<0.05 

let-7c 

5.23 

<0.01 

let-7d 

2.97 

<0.05 

let-7f 

5.71 

<0.05 

let-7g 

15.38 

<0.001 

7 

13.86 

<0.05 

15a 

10.46 

<0.01 

15b 

9.62 

<0.01 

16 

15.67 

<0.05 

17 

31.05 

<0.01 

18a 

4.53 

<0.01 

19a 

26.97 

<0.01 

20a 

34.70 

<0.01 

20b 

17.07 

<0.01 

23b 

11.00 

<0.05 

25 

8.48 

<0.05 

27a 

28.44 

<0.01 

27b 

16.95 

<0.05 

29a 

44.32 

<0.01 

30c 

15.78 

<0.01 

34a 

2.05 

<0.05 

92a 

3.84 

<0.05 

100 

18.51 

<0.05 

126 

19.84 

<0.05 

128 

7.36 

<0.05 

130a 

2.30 

<0.05 

132 

7.26 

<0.05 

138 

8.96 

<0.01 

140-5p 

14.55 

<0.05 

146a 

2.16 

<0.05 

146b-5p 

7.76 

<0.05 

148a 

23.16 

<0.01 

148ab 

21.41 

<0.01 

Table  1  (continued) 


MCF-7-CXCR4 

microRNA 

Fold  change 

p-Value 

149 

5.07 

<0.05 

181a 

3.78 

<0.001 

181b 

6.73 

<0.01 

181c 

3.66 

<0.001 

183 

9.11 

<0.05 

191 

10.13 

<0.05 

193a-5p 

3.27 

<0.01 

193b 

7.53 

<0.01 

199a-3p 

3.78 

<0.05 

200c 

9.96 

<0.05 

205 

5.04 

<0.01 

218 

7.13 

<0.05 

301a 

18.29 

<0.01 

335 

5.66 

<0.05 

378 

9.92 

<0.01 

let7b 

3.48 

<0.001 

let-7e 

16.22 

<0.01 

let-7i 

7.67 

<0.01 

Conflict  of  interest  statement 

The  authors  declare  no  conflicts  of  interest. 

Supplementary  materials  related  to  this  article  can  be  found 
online  at  doi:10.1016/j.yexcr.2011.08.016. 


Acknowledgments 

This  research  was  supported  by  Susan  G.  Komen  Breast  Cancer  Foun¬ 
dation  BCTR0601198  (ME  Burow);  The  Department  of  Defense 
Breast  Cancer  Research  ProgramBC061 597  (LV  Rhodes)  and 
BC085426  (BM  Collins-Burow);  The  National  Institutes  of  Health/ 
National  Center  for  Research  Resources  P20RR020152  (BM  Collins- 
Burow)  and  NCI  U54  CA113001  (KP  Nephew)  and  CA125806  (ME 
Burow);  and  The  Office  of  Naval  Research  N00014-16-1-1136  (ME 
Burow).  The  funders  did  not  have  any  involvement  in  study  design; 
the  collection,  analysis,  or  interpretation  of  the  data;  the  writing  of 
the  manuscript;  or  the  decision  to  submit  the  manuscript  for 
publication. 

REFERENCES 


[1  j  F.  Balkwill,  The  significance  of  cancer  cell  expression  of  the 
chemokine  receptor  CXCR4,  Semin.  Cancer  Biol.  14  (2004) 
171-179. 

[2]  G.  Lazennec,  A.  Richmond,  Chemokines  and  chemokine  receptors: 
new  insights  into  cancer-related  inflammation,  Trends  Mol.  Med. 
16  (2010)  133-144. 

[3]  A.  Muller,  B.  Homey,  H.  Soto,  N.  Ge,  D.  Catron,  M.E.  Buchanan, 

T.  McClanahan,  E.  Murphy,  W.  Yuan,  S.N.  Wagner,  J.L.  Barrera, 

A.  Mohar,  E.  Verastegui,  A.  Zlotnik,  Involvement  of  chemokine 
receptors  in  breast  cancer  metastasis,  Nature  410  (2001)  50-56. 

[4]  M.C.  Smith,  K.E.  Luker,  J.R.  Garbow,  J.L.  Prior,  E.  Jackson,  D.  Piwnica- 
Worms,  G.D.  Luker,  CXCR4  regulates  growth  of  both  primary  and 
metastatic  breast  cancer,  Cancer  Res.  64  (2004)  8604-8612. 


2580 


EXPERIMENTAL  CELL  RESEARCH  317  (2011)  2573-2581 


[5]  V.C. Jordan,  M.M.  Gottardis,  S.P.  Robinson, A.  Friedl,  Immune-deficient 
animals  to  study  “hormone-dependent”  breast  and  endometrial 
cancer,  J.  Steroid  Biochem.  34  (1989)  169-176. 

[6]  S.  Ali,  R.C.  Coombes,  Estrogen  receptor  alpha  in  human  breast 
cancer:  occurrence  and  significance,  J.  Mammary  Gland  Biol. 
Neoplasia  5  (2000)  271-281. 

[7]  A.  Brodie,  G.  Sabnis,  D.  Jelovac,  Aromatase  and  breast  cancer,  J. 
Steroid  Biochem.  Mol.  Biol.  102  (2006)  97-102. 

[8]  V.C.  Jordan,  Long-term  tamoxifen  therapy  to  control  or  to  prevent 
breast  cancer:  laboratory  concept  to  clinical  trials,  Prog.  Clin.  Biol. 
Res.  262  (1988)  105-123. 

[9]  M.J.  Reed,  The  role  of  aromatase  in  breast  tumors,  Breast  Cancer 
Res.  Treat.  30  (1994)  7-17. 

[10]  A.E.  Wakeling,  J.  Bowler,  ICI  182,780,  a  new  antioestrogen  with 
clinical  potential, J.  Steroid  Biochem.  Mol.  Biol.43  (1992)  173-177. 

[11]  R.  Clarke,  M.C.  Liu,  K.B.  Bouker,  Z.  Gu,  R.Y.  Lee,  Y.  Zhu,  T.C.  Skaar,  B. 
Gomez,  K.  O'Brien,  Y.  Wang,  L.A.  Hilakivi-Clarke,  Antiestrogen 
resistance  in  breast  cancer  and  the  role  of  estrogen  receptor 
signaling,  Oncogene  22  (2003)  7316-7339. 

[12]  M.  Garcia,  D.  Derocq,  G.  Freiss,  H.  Rochefort,  Activation  of  estrogen 
receptor  transfected  into  a  receptor-negative  breast  cancer  cell  line 
decreases  the  metastatic  and  invasive  potential  of  the  cells,  Proc. 
Natl.  Acad.  Sci.  U.  S.  A.  89  (1992)  11538-11542. 

[13]  T.  van  Agthoven,  A.M.  Sieuwerts,  M.E.  Meijer-van  Gelder,  M.P. 
Look,  M.  Smid,  J.  Veldscholte,  S.  Sleijfer,  J.A.  Foekens,  L.C.  Dorssers, 
Relevance  of  breast  cancer  antiestrogen  resistance  genes  in 
human  breast  cancer  progression  and  tamoxifen  resistance,  J. 
Clin.  Oncol.  27  (2009)  542-549. 

[14]  L.V.  Rhodes,  S.P.  Short,  N.  Neel,  V.A.  Salvo,  Y.  Zhu,  S.  Elliott,  Y.  Wei, 
D.  Yu,  M.  Sun,  S.E.  Muir,  J.P.  Fonseca,  M.R.  Bratton,  C.  Segar,  S.L. 
Tilghman,  T.  Sobolik-Delmaire,  L.W.  Horton,  S.  Zaja-Milatovic, 
B.M.  Collins-Burow,  S.  Wadsworth,  B.S.  Beckman,  C.E.  Wood,  S.A. 
Fuqua,  K.P.  Nephew,  P.  Dent,  R.A.  Worthylake,  T.J.  Curiel,  M.C. 
Hung,  A.  Richmond,  M.E.  Burow,  Cytokine  receptor  CXCR4  mediates 
estrogen-independent  tumorigenesis,  metastasis,  and  resistance  to 
endocrine  therapy  in  human  breast  cancer,  Cancer  Res.  71  (2) 
(2010)  603-613. 

[15]  K.  Sauve,  J.  Lepage,  M.  Sanchez,  N.  Heveker,  A.  Tremblay,  Positive 
feedback  activation  of  estrogen  receptors  by  the  CXCL12-CXCR4 
pathway,  Cancer  Res.  69  (2009)  5793-5800. 

[16]  M.  Darash-Yahana,  E.  Pikarsky,  R.  Abramovitch,  E.  Zeira,  B.  Pal, 

R.  Karplus,  K.  Beider,  S.  Avniel,  S.  Kasem,  E.  Galun,  A.  Peled,  Role  of 
high  expression  levels  of  CXCR4  in  tumor  growth,  vascularization, 
and  metastasis,  FASEB  J.  18  (2004)  1240-1242. 

[17]  S.  Hirakawa,  M.  Detmar,  D.  Kerjaschki,  S.  Nagamatsu,  K.  Matsuo, 

A.  Tanemura,  N.  Kamata,  K.  Higashikawa,  H.  Okazaki,  K.  Kameda, 

H.  Nishida-Fukuda,  H.  Mori,  Y.  Hanakawa,  K.  Sayama,  Y.  Shirakata, 
M.  Tohyama,  S.  Tokumaru,  I.  Katayama,  K.  Hashimoto,  Nodal 
lymphangiogenesis  and  metastasis:  role  of  tumor-induced 
lymphatic  vessel  activation  in  extramammary  Paget's  disease, 

Am.  J.  Pathol.  175  (2009)  2235-2248. 

[18]  A.  Orimo,  P.B.  Gupta,  D.C.  Sgroi,  F.  Arenzana-Seisdedos,  T.  Delaunay, 
R.  Naeem,  V.J.  Carey,  A.L.  Richardson,  R.A.  Weinberg,  Stromal 
fibroblasts  present  in  invasive  human  breast  carcinomas  promote 
tumor  growth  and  angiogenesis  through  elevated  SDF-1/CXCL12 
secretion,  Cell  121  (2005)  335-348. 

[19]  P.  Mellor,  J.R.  Harvey,  K.J.  Murphy,  D.  Pye,  G.  O'Boyle,  T.W.  Lennard, 
J.A.  Kirby,  S.  Ali,  Modulatory  effects  of  heparin  and  short-length 
oligosaccharides  of  heparin  on  the  metastasis  and  growth  of  LMD 
MDA-MB  231  breast  cancer  cells  in  vivo,  Br.  J.  Cancer  97  (2007) 
761-768. 

[20]  A.M.  Fischer,  J.C.  Mercer,  A.  Iyer,  M.J.  Ragin,  A.  August,  Regulation 
of  CXC  chemokine  receptor  4-mediated  migration  by  the  Tec 
family  tyrosine  kinase  1TK,  J.  Biol.  Chem.  279  (2004) 
29816-29820. 

[21  ]  T.  Onoue,  D.  Uchida,  N.M.  Begum,  Y.  Tomizuka,  H.  Yoshida,  M. 
Sato,  Epithelial-mesenchymal  transition  induced  by  the  stromal 
cell-derived  factor- 1/CXCR4  system  in  oral  squamous  cell  carcinoma 
cells,  Int.  J.  Oncol.  29  (2006)  1133-1138. 


[22]  L.  Ma,  R.A.  Weinberg,  MicroRNAs  in  malignant  progression,  Cell 
Cycle  7  (2008)  570-572. 

[23]  C.P.  Bracken,  P.A.  Gregory,  Y.  Khew-Goodall,  G.J.  Goodall,  The  role  of 
microRNAs  in  metastasis  and  epithelial-mesenchymal  transition, 
Cell.  Mol.  Life  Sci.  66  (2009)  1682-1699. 

[24]  P.A.  Gregory,  C.P.  Bracken,  A.G.  Bert,  G.J.  Goodall,  MicroRNAs  as 
regulators  of  epithelial-mesenchymal  transition,  Cell  Cycle  7 
(2008)  3112-3118. 

[25]  V.  Ambros,  microRNAs:  tiny  regulators  with  great  potential,  Cell 
107  (2001)  823-826. 

[26]  M.M.  Perry,  A.E.  Williams,  E.  Tsitsiou,  H.M.  Larner-Svensson, 

M.A.  Lindsay,  Divergent  intracellular  pathways  regulate 
interleukin-1  beta-induced  miR-146a  and  miR-146b  expression 
and  chemokine  release  in  human  alveolar  epithelial  cells,  FEBS  Lett. 
583  (2009)  3349-3355. 

[27]  T.  Xia,  A.  O'Hara,  I.  Araujo,  J.  Barreto,  E.  Carvalho,  J.B.  Sapucaia,  J.C. 
Ramos,  E.  Luz,  C.  Pedroso,  M.  Manrique,  N.L.  Toomey,  C.  Brites, 
D.P.  Dittmer,  W.J.  Harrington  Jr.,  EBV  microRNAs  in  primary 
lymphomas  and  targeting  of  CXCL-1 1  by  ebv-mir-BHRFl  -3,  Cancer 
Res.  68  (2008)  1436-1442. 

[28]  X.  Zhao,  Y.  Tang,  B.  Qu,  H.  Cui,  S.  Wang,  L.  Wang,  X.  Luo,  X.  Huang, J. 
Li,  S.  Chen,  N.  Shen,  MicroRNA-125a  contributes  to  elevated 
inflammatory  chemokine  RANTES  via  targeting  KLF13  in  systemic 
lupus  erythematosus,  Arthritis  Rheum.  62  (11)  (2010) 
3425-3435. 

[29]  LV.  Rhodes,  S.E.  Muir,  S.  Elliott,  L.M.  Guillot, J.W.  Antoon,  P.  Penfornis, 
S.L  Tilghman,  V.A.  Salvo,  J.P.  Fonseca,  M.R.  Lacey,  B.S.  Beckman, 

JA  McLachlan,  B.G.  Rowan,  R.  Pochampally,  M.E.  Burow,  Adult 
human  mesenchymal  stem  cells  enhance  breast  tumorigenesis  and 
promote  hormone  independence,  Breast  Cancer  Res.  Treat.  121 
(2010)  293-300. 

[30]  V.A.  Salvo,  S.M.  Boue,  J.P.  Fonseca,  S.  Elliott,  C.  Corbitt,  B.M.  Collins- 
Burow,  T.J.  Curiel,  S.K.  Srivastav,  B.Y.  Shih,  C.  Carter-Wientjes,  C.E. 
Wood,  P.W.  Erhardt,  B.S.  Beckman,  J.A.  McLachlan,  T.E.  Cleveland, 
M.E.  Burow,  Antiestrogenic  glyceollins  suppress  human  breast  and 
ovarian  carcinoma  tumorigenesis,  Clin.  Cancer  Res.  12  (2006) 
7159-7164. 

[31]  M.C.  Zimmermann,  S.L.  Tilghman,  S.M.  Boue,  V.A.  Salvo,  S.  Elliott, 
K.Y.  Williams,  E.V.  Skripnikova,  H.  Ashe,  F.  Payton-Stewart,  L. 
Vanhoy-Rhodes,  J.P.  Fonseca,  C.  Corbitt,  B.M.  Collins-Burow,  M.H. 
Howell,  M.  Lacey,  B.Y.  Shih,  C.  Carter-Wientjes,  T.E.  Cleveland,  J.A. 
McLachlan,  T.E.  Wiese,  B.S.  Beckman,  M.E.  Burow,  Glyceollin  I,  a 
novel  antiestrogenic  phytoalexin  isolated  from  activated  soy,  J. 
Pharmacol.  Exp.  Ther.  332  (2010)  35-45. 

[32]  F.  Payton-Stewart,  N.W.  Schoene,  Y.S.  Kim,  M.E.  Burow,  T.E.  Cleveland, 
S.M.  Boue,  T.T.  Wang,  Molecular  effects  of  soy  phytoalexin  glyceollins 
in  human  prostate  cancer  cells  LNCaP,  Mol.  Carcinog.  48  (2009) 
862-871. 

[33]  J.M.  Hall,  K.S.  Korach,  Stromal  cell-derived  factor  1,  a  novel  target 
of  estrogen  receptor  action,  mediates  the  mitogenic  effects  of 
estradiol  in  ovarian  and  breast  cancer  cells,  Mol.  Endocrinol.  17 
(2003)  792-803. 

[34]  M.  Kato,  J.  Kitayama,  S.  Kazama,  H.  Nagawa,  Expression  pattern 
of  CXC  chemokine  receptor-4  is  correlated  with  lymph  node 
metastasis  in  human  invasive  ductal  carcinoma,  Breast  Cancer 
Res.  5  (2003)  R144-R150. 

[35]  M.M.  Richert,  K.S.  Vaidya,  C.N.  Mills,  D.  Wong,  W.  Korz,  D.R.  Hurst, 
D.R.  Welch,  Inhibition  of  CXCR4  by  CTCE-9908  inhibits  breast 
cancer  metastasis  to  lung  and  bone,  Oncol.  Rep.  21  (2009) 
761-767. 

[36]  N.T.  Holm,  F.  Abreo,  L.W.  Johnson,  B.D.  Li,  Q.D.  Chu,  Elevated 
chemokine  receptor  CXCR4  expression  in  primary  tumors 
following  neoadjuvant  chemotherapy  predicts  poor  outcomes  for 
patients  with  locally  advanced  breast  cancer  (LABC),  Breast 
Cancer  Res.  Treat.  113  (2009)  293-299. 

[37]  O.  Salvucci,  A.  Bouchard,  A.  Baccarelli,  J.  Deschenes,  G.  Sauter,  R. 
Simon,  R.  Bianchi,  M.  Basik,  The  role  of  CXCR4  receptor  expression 
in  breast  cancer:  a  large  tissue  microarray  study,  Breast  Cancer  Res. 
Treat.  97  (2006)  275-283. 


EXPERIMENTAL  CELL  RESEARCH  317  (2011)  2573-2581 


2581 


[38]  D.S.  Micalizzi,  S.M.  Farabaugh,  H.L.  Ford,  Epithelial-mesenchymal 
transition  in  cancer:  parallels  between  normal  development  and 
tumor  progression,].  Mammary  Gland  Biol.  Neoplasia  15  (2010) 
117-134. 

[39]  E.  O'Day,  A.  Lai,  MicroRNAs  and  their  target  gene  networks  in 
breast  cancer,  Breast  Cancer  Res.  12  (2010)  201. 

[40]  D.M.  Cittelly,  P.M.  Das,  V.A.  Salvo,  J.P.  Fonseca,  M.E.  Burow,  F.E. 
Jones,  Oncogenic  HER2{Delta}16  suppresses  miR-15a/16  and 
deregulates  BCL-2  to  promote  endocrine  resistance  of  breast 
tumors,  Carcinogenesis  31  (2010)  2049-2057. 

[41  ]  X.  Rao,  G.  Di  Leva,  M.  Li,  F.  Fang,  C.  Devlin,  C.  Hartman-Frey,  M.E. 
Burow,  M.  Ivan,  C.M.  Croce,  K.P.  Nephew,  MicroRNA-221/222 
confers  breast  cancer  fulvestrant  resistance  by  regulating  multiple 
signaling  pathways,  Oncogene  30  (9)  (2011)  1082-1097. 

[42]  M.  Sachdeva,  H.  Wu,  P.  Ru,  L.  Hwang,  V.  Trieu,  Y.Y.  Mo,  MicroRNA- 
101 -mediated  Akt  activation  and  estrogen-independent  growth, 
Oncogene  30  (7)  (2011)  822-831. 

[43]  C.  Swanton,  Z.  Szallasi,  J.D.  Brenton,  J.  Downward,  Functional 
genomic  analysis  of  drug  sensitivity  pathways  to  guide  adjuvant 
strategies  in  breast  cancer,  Breast  Cancer  Res.  10  (2008)  214. 

[44]  J.A.  Wright,  J.K.  Richer,  G.J.  Goodall,  microRNAs  and  EMT  in 
mammary  cells  and  breast  cancer,  J.  Mammary  Gland  Biol. 
Neoplasia  15  (2010)  213-223. 

[45]  D.R.  Hurst,  M.D.  Edmonds,  D.R.  Welch,  Metastamir:  the  field  of 
metastasis-regulatory  microRNA  is  spreading,  Cancer  Res.  69 
(2009)  7495-7498. 

[46]  A.  Krohn,  Y.H.  Song,  F.  Muehlberg,  L.  Droll,  C.  Beckmann,  E.  Alt, 
CXCR4  receptor  positive  spheroid  forming  cells  are  responsible 
for  tumor  invasion  in  vitro,  Cancer  Lett.  208  (2009)  65-71. 

[47]  W.  Zhou,  Z.  Jiang,  N.  Liu,  F.  Xu,  P.  Wen,  Y.  Liu,  W.  Zhong,  X.  Song, 

X.  Chang,  X.  Zhang,  G.  Wei,  J.  Yu,  Down-regulation  of  CXCL1 2  mRNA 
expression  by  promoter  hypermethylation  and  its  association  with 
metastatic  progression  in  human  breast  carcinomas,  J.  Cancer  Res. 
Clin.  Oncol.  135  (2009)  91-102. 

[48]  B.D.  Adams,  H.  Furneaux,  B.A.  White,  The  micro-ribonucleic  acid 
(miRNA)  miR-206  targets  the  human  estrogen  receptor-alpha 
(ERalpha)  and  represses  ERalpha  messenger  RNA  and  protein 
expression  in  breast  cancer  cell  lines,  Mol.  Endocrinol.  21  (2007) 
1132-1147. 

[49]  G.  Di  Leva,  P.  Gasparini,  C.  Piovan,  A.  Ngankeu,  M.  Garofalo,  C.  Taccioli, 
M.V.  Iorio,  M.  Li,  S.  Volinia,  H.  Alder,  T.  Nakamura,  G.  Nuovo,  Y.  Liu, 
K.P.  Nephew,  C.M.  Croce,  MicroRNA  cluster  221-222  and  estrogen 
receptor  alpha  interactions  in  breast  cancer,  J.  Natl.  Cancer  Inst.  102 
(2010) 706-721. 


[50]  N.  Kondo,  T.  Toyama,  H.  Sugiura,  Y.  Fujii,  H.  Yamashita,  miR-206 
Expression  is  down-regulated  in  estrogen  receptor 
alpha-positive  human  breast  cancer,  Cancer  Res.  68  (2008) 
5004-5008. 

[51]  T.E.  Miller,  K.  Ghoshal,  B.  Ramaswamy,  S.  Roy,J.  Datta,  C.L.  Shapiro, 
S.  Jacob,  S.  Majumder,  MicroRNA-221/222  confers  tamoxifen 
resistance  in  breast  cancer  by  targeting  p27Kipl,  J.  Biol.  Chem.  283 
(2008) 29897-29903. 

[52]  L.X.  Yan,  X.F.  Huang,  Q.  Shao,  M.Y.  Huang,  L.  Deng,  Q.L.  Wu,  Y.X. 
Zeng,  J.Y.  Shao,  MicroRNA  miR-21  overexpression  in  human  breast 
cancer  is  associated  with  advanced  clinical  stage,  lymph  node 
metastasis  and  patient  poor  prognosis,  RNA  14  (2008)  2348-2360. 

[53]  F.  Leonessa,  V.  Boulay,  A.  Wright,  E.W.  Thompson,  N.  Brunner,  R. 
Clarke,  The  biology  of  breast  tumor  progression.  Acquisition  of 
hormone  independence  and  resistance  to  cytotoxic  drugs,  Acta 
Oncol.  31  (1992)  115-123. 

[54]  M.  Bar-Eli,  Searching  for  the  'melano-miRs':  miR-214  drives 
melanoma  metastasis,  EMBO  J.  30  (2011)  1880-1881. 

[55]  N.M.  White,  E.  Fatoohi,  M.  Metias,  K.  Jung,  C.  Stephan,  G.M.  Yousef, 
Metastamirs:  a  stepping  stone  towards  improved  cancer 
management,  Nat.  Rev.  Clin.  Oncol.  8  (2011)  75-84. 

[56]  Q.  Huang,  K.  Gumireddy,  M.  Schrier,  C.  le  Sage,  R.  Nagel,  S.  Nair, 
D.A.  Egan,  A.  Li,  G.  Huang,  A.J.  Klein-Szanto,  PA  Gimotty, 

D.  Katsaros,  G.  Coukos,  L.  Zhang,  E.  Pure,  R.  Agami,  The  microRNAs 
miR-373  and  miR-520c  promote  tumour  invasion  and  metastasis, 
Nat.  Cell  Biol.  10  (2008)  202-210. 

[57]  X.  Liu,  J.  Yu,  L.  Jiang,  A.  Wang,  F.  Shi,  H.  Ye,  X.  Zhou,  MicroRNA-222 
regulates  cell  invasion  by  targeting  matrix  metalloproteinase  1 
(MMP1)  and  manganese  superoxide  dismutase  2  (SOD2)  in 
tongue  squamous  cell  carcinoma  cell  lines,  CANCER  GENOMICS 
PROTEOMICS  6  (2009)  131-139. 

[58]  X.  Peng, W.  Guo, T.  Liu, X. Wang, X.  Tu,  D.  Xiong,  S.  Chen, Y.  Lai,  H.  Du, 
G.  Chen,  G.  Liu,  Y.  Tang,  S.  Huang,  X.  Zou,  Identification  of  miRs-143 
and  -145  that  is  associated  with  bone  metastasis  of  prostate  cancer 
and  involved  in  the  regulation  of  EMT,  PloS  One  6  (2011)  e20341. 

[59]  M.  Osaki,  F.  Takeshita,  Y.  Sugimoto,  N.  Kosaka,  Y.  Yamamoto, 

Y.  Yoshioka,  E.  Kobayashi,  T.  Yamada,  A.  Kawai,  T.  Inoue,  H.  Ito, 
M.  Oshimura,  T.  Ochiya,  MicroRNA-143  regulates  human 
osteosarcoma  metastasis  by  regulating  matrix  metalloprotease-13 
expression,  Mol.  Ther.  19  (2011)  1123-1130. 

[60]  X.  Zhang,  S.  Liu,  T.  Hu,  Y.  He,  S.  Sun,  Up-regulated  microRNA-143 
transcribed  by  nuclear  factor  kappa  B  enhances  hepatocarcinoma 
metastasis  by  repressing  fibronectin  expression,  Hepatology  50 
(2009)  490-499. 


ONCOLOGY  REPORTS  27:  10-16,  2012 


The  histone  deacetylase  inhibitor  trichostatin  A  alters  microRNA 
expression  profiles  in  apoptosis-resistant  breast  cancer  cells 

LYNDSAYV.  RHODES1,  ASHLEY  M.  NITSCHKE1 ,  H.  CHRIS  SEGAR1,  ELIZABETH  C.  MARTIN1, 
JENNIFER  L.  DRIVER1,  STEVEN  ELLIOTT1,  SEUNG  YOON  NAM6,  MENG  LI6,  KENNETH  P.  NEPHEW6, 
MATTHEW  E.BUROW1-2'4-5  and  BRIDGETTE  M.  COLLINS-BUROW1,4,5 

1  9  i  3 

Departments  of  Medicine,  Section  of  Hematology  and  Medical  Oncology,  “Pharmacology  and  Pathology 
and  Laboratory  Medicine,  4Center  for  Bioenvironmental  Research,  5Tulane  Cancer  Center,  Tulane  University 
Health  Sciences  Center,  New  Orleans,  LA  70112;  6Medical  Sciences  and  Department  of  Cellular  and 
Integrative  Physiology,  Indiana  University  School  of  Medicine,  Bloomington,  IN  47405,  USA 

Received  July  13,  2011;  Accepted  August  29,  2011 

DOI:  10.3892/or.201 1.1488 


Abstract.  The  development  of  drug  resistance  represents  a 
major  complication  in  the  effective  treatment  of  breast  cancer. 
Epigenetic  therapy,  through  the  use  of  histone  deacetylase 
inhibitors  (HDACi)  or  demethylation  agents,  is  an  emerging 
area  of  therapeutic  targeting  in  a  number  of  ontological  enti¬ 
ties,  particularly  in  the  setting  of  aggressive  therapy-resistant 
disease.  Using  the  well-described  HDAC  inhibitor  tricho¬ 
statin  A  (TSA)  we  demonstrate  the  suppression  of  in  vitro 
clonogenicity  in  the  previously  described  apoptosis-resistant 
MCF-7TN-R  breast  carcinoma  cell  line.  Additionally,  recent 
work  has  demonstrated  that  these  agents  can  alter  the  expres¬ 
sion  profile  of  microRNA  signatures  in  malignant  cells.  Using 
an  unbiased  microRNA  microarray  analysis,  changes  in 
miRNA  expression  of  MCF-7TN-R  cells  treated  with  TSA  for 
24  h  were  analyzed.  We  observed  significant  up-regulation  of 
22  miRNAs  and  down-regulation  of  10  miRNAs  in  response 
to  TSA  treatment.  Our  results  demonstrate  that  the  HDACi, 
TSA,  exerts  anticancer  activity  in  the  apoptosis-resistant 
MCF-7TN-R  breast  carcinoma  cell  line.  This  activity  is  corre¬ 
lated  with  TSA  alteration  of  microRNA  expression  profiles 
indicative  of  a  less  aggressive  phenotype. 

Introduction 

Despite  significant  advancement  in  the  area  of  endocrine 
therapies  and  chemotherapeutics,  nearly  half  of  breast  cancer 
patients  exhibit  de  novo  resistance,  while  the  majority  of 
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remaining  patients  ultimately  progress  to  drug  resistance  (1). 
Drug  resistant  breast  cancer  is  associated  with  poor  prognoses 
(2,3),  highlighting  the  critical  need  to  develop  novel  therapeutics 
that  are  effective  against  these  more  aggressive  forms  of  the 
disease.  Epigenetic  alterations,  including  aberrant  DNA  methyla- 
tion  and  histone  deacetylation,  participate  in  cancer  development 
and  progression  (4).  Epigenetic  aberrations  lead  to  breast  cancer 
chemotherapy  resistance  (5,6);  hence,  their  reversal  by  inhibi¬ 
tors  of  DNA  methylation  and  histone  deacetylases  (DNMTi 
and  HDACi)  may  overcome  it  and  are  at  present  undergoing 
clinical  testing,  either  alone  or  in  combination  with  conven¬ 
tional  chemotherapies  (7). 

Histone  deacetylases  (HDACs)  and  histone  acetyltrans- 
ferases  (HATs)  have  important  roles  in  the  maintenance  and 
function  of  chromatin  by  regulating  the  acetylation  of  histones. 
In  addition,  these  enzymes  have  recently  been  shown  to  regulate 
the  acetylation  of  many  non-histone  targets  and  therefore  may 
represent  a  key  means  of  post-translational  regulation  beyond 
their  established  roles  in  transcriptional  regulation.  The  use 
of  HDACi  in  the  clinical  setting  is  currently  FDA-approved 
only  for  the  treatment  of  progressive  or  recurrent  cutaneous 
T-cell  lymphoma  following  two  other  systemic  therapies  (8). 
Biologically,  HDACi  induce  growth  arrest,  differentiation  and 
cell  death  in  breast  cancer  cells,  but  the  underlying  mechanism 
warrants  further  investigation. 

In  addition  to  direct  regulation  of  mRNA  gene  expres¬ 
sion.  HDACis  have  been  shown  to  alter  microRNA  (miRNA) 
expression  in  several  human  carcinomas  including  pancreatic 
(9),  colon  (10,11),  gastric  (12)  and  breast  (13).  microRNAs  are 
small  non-coding  RNAs  (18-22  nt)  which  function  as  an  addi¬ 
tional  layer  of  regulation  of  mRNA  stability  and  translation 
through  3'-UTR  targeting  (14).  Through  their  ability  to  target 
the  3'-UTR  of  multiple  genes,  individual  miRNAs  can  exert 
vast  effects  on  mRNA-protein  expression  in  cells.  In  cancer. 
miRNAs  can  function  as  tumor  suppressors  or  oncogenes  (15). 
We  examined  the  effects  of  the  HDACi  trichostatin  A  (TSA) 
on  the  survival  of  the  apoptotic-resistant  MCF-7TN-R  breast 
carcinoma  cell  line,  as  well  as  its  effects  on  miRNA  expres¬ 
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Table  I.  microRNA  microarray  results  for  MCF-7TN-R  cells  treated  with  TSA  (10  //M)  for  24  h. 


ID 

Serial  no. 

Average  (TSA) 

Average  (DMSO) 

p-value 

logFC 

hsa-miR-215 

990 

498.33 

323.67 

0.001 

1.46 

hsa-miR-657 

725 

206.33 

573.67 

0.002 

-1.13 

hsa-miR-139 

524 

886.33 

783.67 

0.003 

0.88 

hsa-miR-155 

544 

192.67 

176.33 

0.005 

0.73 

hsa-miR-146b 

1501 

182.67 

178.00 

0.005 

0.66 

hsa-miR-645 

1681 

181.33 

519.67 

0.006 

-1.27 

hsa-miR-544 

127 

374.67 

305.67 

0.006 

1.01 

hsa-miR-194 

1541 

362.67 

319.67 

0.007 

0.95 

hsa-miR-628 

696 

190.67 

371.67 

0.007 

-0.60 

hsa-miR-144 

1498 

148.00 

115.33 

0.008 

0.94 

hsa-miR-144 

530 

154.67 

110.67 

0.008 

1.10 

hsa-miR-559 

1112 

128.67 

111.67 

0.008 

0.74 

hsa-miR-128b 

511 

868.00 

905.00 

0.009 

0.62 

hsa-miR-143 

529 

204.67 

143.67 

0.009 

1.13 

hsa-miR-568 

1121 

145.67 

130.33 

0.009 

0.74 

hsa-miR-769-5p 

744 

230.33 

502.33 

0.010 

-0.69 

hsa-miR-1 

1461 

226.00 

130.33 

0.010 

1.48 

hsa-miR-497 

645 

296.67 

639.67 

0.011 

-0.66 

hsa-miR-632 

1668 

217.33 

603.00 

0.012 

-1.12 

hsa-miR-767-5p 

1708 

178.00 

392.67 

0.012 

-0.73 

hsa-miR-512-3p 

660 

155.33 

362.67 

0.013 

-0.82 

hsa-miR-191* 

1537 

206.67 

138.33 

0.014 

1.25 

hsa-miR-191* 

569 

285.33 

155.33 

0.015 

1.65 

hsa-miR-155 

1512 

163.67 

150.67 

0.015 

0.70 

hsa-miR-613 

1649 

246.00 

624.33 

0.016 

-0.93 

hsa-miR-202* 

977 

479.33 

378.00 

0.016 

1.05 

hsa-miR-636 

704 

226.67 

705.33 

0.018 

-1.20 

hsa-miR-486 

1600 

192.00 

129.67 

0.019 

1.21 

hsa-miR-622 

1658 

181.33 

401.67 

0.019 

-0.79 

hsa-miR-215 

22 

469.00 

289.00 

0.020 

1.61 

hsa-miR-22 

27 

1007.33 

568.33 

0.021 

1.82 

hsa-miR-875-5p 

903 

139.67 

103.33 

0.024 

0.99 

hsa-miR-620 

1656 

210.00 

127.33 

0.024 

1.36 

hsa-miR-370 

581 

1265.67 

1152.67 

0.026 

0.88 

hsa-miR-200c 

7 

272.67 

278.00 

0.026 

0.60 

hsa-miR-638 

706 

1096.67 

1021.00 

0.026 

0.85 

hsa-miR-630 

1666 

140.33 

129.00 

0.028 

0.71 

hsa-miR-208 

14 

191.33 

168.67 

0.028 

0.74 

hsa-miR-526c 

121 

321.33 

215.33 

0.028 

1.27 

hsa-miR-643 

711 

138.33 

268.33 

0.029 

-0.61 

hsa-miR-651 

719 

142.33 

332.67 

0.029 

-0.84 

hsa-miR-149 

537 

733.67 

711.00 

0.031 

0.71 

hsa-miR-589 

1880 

150.67 

137.00 

0.032 

0.77 

hsa-miR-768-3p 

1709 

994.33 

1006.00 

0.033 

0.79 

hsa-miR-22 

995 

935.67 

635.00 

0.035 

1.65 

hsa-miR-627 

1663 

133.67 

102.00 

0.035 

0.96 

hsa-miR-450 

1588 

270.67 

571.33 

0.036 

-0.63 

hsa-miR-620 

688 

198.33 

136.67 

0.036 

1.17 

hsa-miR-211 

987 

618.67 

578.33 

0.037 

0.83 

hsa-miR-346 

84 

625.33 

604.67 

0.041 

0.77 
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Table  I.  Continued. 


ID 

Serial  no. 

Average  (TSA) 

Average  (DMSO) 

p-value 

logFC 

hsa-miR-1 

493 

256.00 

184.67 

0.041 

1.11 

hsa-miR-607 

191 

171.33 

155.33 

0.041 

0.70 

hsa-miR-153 

1509 

145.67 

124.00 

0.041 

0.85 

hsa-miR-621 

1657 

277.00 

196.00 

0.042 

1.10 

hsa-miR-668 

1700 

233.33 

538.67 

0.043 

-0.74 

hsa-miR-607 

1159 

105.33 

254.00 

0.043 

-1.04 

hsa-miR-1 29 

1480 

533.33 

495.00 

0.045 

0.82 

hsa-miR-335 

76 

175.67 

134.00 

0.045 

0.96 

hsa-miR-640 

1676 

188.67 

447.00 

0.047 

-0.80 

hsa-miR-524* 

116 

256.00 

243.00 

0.048 

0.61 

hsa-miR-663 

731 

681.33 

757.67 

0.049 

0.60 

Materials  and  methods 

Cell  generation  and  culture.  The  apoptotic-resistant 
MCF-7TN-R  cells  were  derived  from  MCF-7  cells  grown  in 
increasing  concentrations  of  tumor  necrosis  factor  a  (TNFa) 
until  resistance  was  established.  Cells  were  maintained  in 
Dulbecco's  modified  Eagle's  medium  (DMEM)  (Gibco)  supple¬ 
mented  with  10%  fetal  bovine  serum  (FBS)  (10%  DMEM).  The 
detailed  methods  are  described  by  Weldon  et  al  (16). 

Clonogenicity  assay.  Colony  survival  assays  were  performed 
as  previously  published  (17).  Briefly,  cells  were  cultured  in  10% 
FBS -DMEM  media.  Cells  were  seeded  at  a  density  of  2,000 
cells/well  in  2  ml  of  media  in  6-well  plates.  Cells  were  allowed 
to  adhere  overnight  at  37°C  and  treated  on  the  following  day 
with  vehicle  (DMSO)  or  TSA  (0.1,  1,  10  pM).  After  10  days, 
media  was  removed  and  the  cells  were  fixed  with  gluteral- 
dehyde.  Cells  were  stained  with  crystal  violet  (0.1%  in  20% 
methanol)  for  visualization.  Colonies  >50  cells  were  manually 
counted  and  treatments  normalized  to  vehicle  control.  Assays 
were  run  in  quadruplicate  with  internal  duplicates. 

microRNA  microarray  analysis.  MCF-7TN-R  cells  were  plated 
at  a  density  of  2xl06  cells  in  25  cm2  flasks  in  normal  culture 
media  (DMEM  media  supplemented  with  5%  FBS,  1%  peni¬ 
cillin/streptomycin,  1%  essential  amino  acids,  1%  non-essential 
amino  acids  and  1%  sodium  pyruvate)  and  allowed  to  adhere 
overnight  at  37°C,  5%  C02  and  air.  The  following  day  the 
media  was  changed  to  phenol  red-free  media  (supplemented 
as  above)  and  5%  charcoal-stripped  serum  was  substituted 
for  the  5%  FBS.  Cells  were  treated  with  TSA  (10  /(M)  or 
DMSO  for  24  h.  Cells  were  harvested  in  PBS,  collected  by 
centrifugation,  and  total  RNA  extracted  using  the  miRNeasy 
kit  (Qiagen)  according  to  manufacturer's  protocol.  Enrichment 
for  miRNA  was  not  performed.  Quantity  and  quality  of  RNA 
was  determined  by  absorbance  (260,  280  nm),  and  5  pg  total 
RNA  was  used  for  microarray  analysis.  Microarray  analysis 
was  performed  as  we  have  previously  described  (18).  Briefly,  a 
custom  microarray  (19)  was  used  to  determine  miRNA  expres¬ 
sion,  using  three  biological  replicates  for  each  condition  (±  TSA). 
Low  intensity  probes  (signal  <100  in  more  than  half  samples) 


were  excluded  from  the  analysis.  Raw  data  was  log-transformed 
and  normalized  by  IQR.  Clustering  of  miRNA  expression  data 
was  performed  using  CLUSTER  (20),  with  filtering  to  remove 
inconsistencies  between  replicates.  For  clustering,  we  first  log- 
transformed  the  data  and  median-centered  the  array  and  genes, 
followed  by  average  linkage  clustering.  Clustering  results  were 
visualized  by  TreeView  (http://rana.lbl.gov/EisenSoftware. 
htm).  Full  array  data  is  shown  in  Table  I. 

Statistical  analyses.  Colony  assays  were  analyzed  by  one-way 
ANOVA  with  the  Tukey's  post-test  (Graph  Pad  Prism  V.4); 
p<0.05  was  considered  to  indicate  statistically  significant 
differences.  The  Student's  t-test  was  performed  to  evaluate  the 
statistical  significance  of  the  cluster  selection.  For  microRNA 
microarray  data,  the  Welch's  t-test  was  performed  for  each 
probe  using  their  normalized  signals,  with  p-values  <0.05 
considered  significant  as  previously  described  (21). 

Results 

TSA  inhibits  drug-resistant  breast  cancer  cell  clonogenic 
survival.  We  have  previously  described  the  generation  of  the 
MCF-7TN-R  cells  (16)  which  have  acquired  resistance  to 
TNFa-  and  TRAIL-induced  cell  death.  These  cells  have  been 
characterized  as  highly  aggressive  and  metastatic,  and  have 
been  developed  as  a  model  system  of  chemoresistant  breast 
carcinoma  (22,23).  To  determine  the  effects  of  HDACi  on 
apoptotic  and  clonogenic  survival,  MCF-7TN-R  cells  were 
treated  with  varying  concentrations  of  TSA  (0.1, 1  and  10  //M) 
or  vehicle  control  (DMSO)  for  10  days.  MCF-7TN-R  cells 
treated  with  TSA  at  10  //M  for  10  days  demonstrated  a  decrease 
(p<0.01)  in  colony  formation  compared  to  vehicle-treated  cells 
(62.37±6.45%,  Fig.  1). 

TSA  induces  microRNA  expression  in  MCF-7TN-R  cells 
indicative  of  tumor  suppressive  and  anti-metastatic  effects. 
In  human  breast  cancer,  we  and  others  have  shown  that 
specific  miRNAs  are  significantly  altered,  as  compared  with 
normal  breast  tissue  (21,24-26).  Altered  expression  of  specific 
miRNAs  has  been  associated  with  poor  prognosis  (27),  as  well 
as  breast  cancer  initiation,  invasion  and  metastasis  (28-31). 
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TSA  (nM) 


Figure  1.  TSA  suppression  of  MCF-7TN-R  cell  clonogenic  survival.  MCF- 
7TN-R  cells  were  plated  (2,000  cells/well)  in  10%  DMEM  in  6-well  plates 
and  allowed  to  adhere  overnight.  Twenty-four  hours  later  the  cells  were 
treated  with  vehicle  (DMSO)  or  TSA  (0.1, 1,  10  piM)  for  10  days.  Colonies  of 
>50  cells  were  counted  as  positive.  Bars  represent  mean  percentage  clono¬ 
genic  survival  normalized  to  DMSO  control  cells  ±  SEM.  (**p<0.01). 


The  importance  of  miRNAs  in  these  advanced  breast  cancer 
phenotypes  raises  the  question  of  their  further  involvement  in 
apoptotic  resistance.  Furthermore,  based  on  the  above  result 
demonstrating  MCF-7TN-R  growth-inhibition  by  TSA,  we 
performed  microRNA  microarray  analysis  of  MCF-7TN-R 
cells  after  treatment  with  TSA  (10  piM  for  24  h).  As  shown 
in  Fig.  2,  a  number  of  microRNA  expression  changes  were 
observed.  In  addition,  the  three  biological  replicates  from 
vehicle-treated  MCF-7TN-R  clustered  together  and  separately 
from  TSA-treated  cells,  demonstrating  high  reproducibility 
between  biological  repeats  as  well  as  differential  microRNA 
expression  induced  by  TSA.  Of  the  microRNAs  significantly 
altered  by  FIDACi  treatment,  22  were  up-regulated  (Table  II) 
and  10  were  down-regulated  (Table  III).  Their  predicted 
(TargetScan  and  miRanda)  or  confirmed  gene  targets  are 
provided. 

Discussion 

Drug  resistance,  acquired  or  de  novo ,  remains  a  major  obstacle 
in  the  treatment  of  cancer  (1).  Progression  to  resistance  repre¬ 
sents  one  of  the  hallmarks  of  aggressive  carcinomas  with 
limited  treatment  options  and  poor  prognoses  (2,3).  Epigenetic 
therapies,  including  HDACi,  provide  a  novel  class  of  treatment 
for  therapeutically-resistant  cancer  patients  (32),  including 
breast  cancer  (33).  Here  we  demonstrate  the  ability  of  the 
HDACi  TSA  to  suppress  in  vitro  clonogenic  survival  of  the 
apoptotically  resistant  MCF-7TN-R  cells.  This  cell  culture  data 
indicates  that  in  progressive  drug  resistance  or  recurrent  breast 
carcinoma,  the  use  of  HDACis  may  exhibit  greater  inhibitory 
effects  on  tumor  cell  survival.  Numerous  studies  have  analyzed 
gene  expression  changes  in  response  to  HDACi,  with  the  goal 
of  defining  specific  mechanisms  of  their  anticancer  activity 
(34).  Recent  studies  have  also  demonstrated  the  regulation  of 
microRNA  expression  changes  in  breast  and  other  cancer  cells 
treated  with  HDACi  alone  (9,10,13,35),  or  in  combination  with 
DNMTi  (11,36-38).  Overall,  these  studies  revealed  microRNA 
expression  profiles  suggestive  of  a  less  aggressive  and  more 
tumor-suppressive  phenotype  after  treatment  with  epigenetic 
therapies.  Consistent  with  those  studies,  our  microarray  results 
revealed  that  many  of  the  microRNAs  that  were  significantly 
up-regulated  (Table  II)  following  TSA  treatment  (compared  to 
control)  have  been  characterized  as  having  tumor  suppressive 
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Figure  2.  TSA  regulation  of  microRNA  expression  in  MCF-7TN-R.  Heatmap 
of  microRNA  changes  induced  by  treatment  with  TSA  (10  /<M)  after  24  h  in 
MCF-7TN-R  cells.  microRNAs  demonstrating  statistically  significant  changes 
in  expression  are  shown  (p<0.01).  Green  indicates  down-regulated  expression 
and  red  indicates  up-regulated  expression  of  microRNAs.  Individual  samples 
are  represented  in  columns  while  specific  microRNAs  are  represented  by  rows 
as  labeled. 


(miR-1,  miR-143,  miR-144,  miR-191*,  miR-202*,  miR-486, 
miR-559),  anti-migration/anti-metastasis  (miR-22,  miR-139, 
miR-194,  miR-335),  or  anti-EMT  (miR-215)  roles  in  cancer. 
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Table  II.  Up-regulated  miRNA  following  TSA  treatment. 


microRNA 

Mean  fold  change 

p-value 

Description 

Gene  targets  (ref.) 

hsa-miR-1 

2.44 

<0.05 

Tumor  suppressor 

cMET  (39),  TAGLN2  (40,41) 

hsa-miR-22 

2.69 

<0.05 

Anti-migration,  cell  cycle  arrest 

MYCBP,  MAX 

hsa-miR-1 39 

1.61 

<0.05 

Anti-metastatic,  tumor  suppressor 

ROCK2  (29),  CDK6*.  HOXB2* 

hsa-miR-143 

1.94 

<0.05 

Tumor  suppressor 

KRAS  (42),  BCL2  (43) 

hsa-miR-144 

1.97 

<0.05 

Tumor  suppressor 

Notch  1  (44) 

hsa-miR-153 

1.70 

<0.05 

Tumor  suppressor 

BCL2  (45) 

hsa-miR-1 55 

1.53 

<0.01 

OncomiR 

FOX03A  (46),  SOCS1  (47), 

FADD  and  IKKE  (48) 

hsa-miR-191* 

2.51 

<0.05 

Tumor  suppressor 

SPEN* 

hsa-miR-1 94 

1.70 

<0.01 

Tumor  suppressor,  anti-metastatic 

CDH2,  HBEGF,  RAC1  and  IGF1R  (49) 

hsa-miR-215 

2.26 

<0.01 

Anti-EMT,  cell  cycle  arrest 

ZEB1/2  (50) 

hsa-miR-202* 

1.82 

<0.05 

Tumor  suppressor 

TGFBR2*,  ROCK1* 

hsa-miR-335 

1.83 

<0.05 

Tumor  suppressor,  cell  cycle  arrest, 
metastasis  suppressor 

RBl/pl05  (51),  SOX4  and  TNC  (28) 

hsa-miR-486 

1.97 

<0.05 

Tumor  suppressor 

CD40  (52) 

hsa-miR-526c 

2.14 

<0.05 

hsa-miR-544 

1.74 

<0.01 

hsa-miR-559 

1.61 

<0.05 

Tumor  suppressor 

ERBB2  (53) 

hsa-miR-568 

1.59 

<0.05 

hsa-miR-620 

2.31 

<0.05 

hsa-miR-627 

1.93 

<0.05 

hsa-miR-638 

1.55 

<0.01 

hsa-miR-641 

2.02 

<0.05 

hsa-miR-888 

1.76 

<0.05 

Putative  targets 

as  indicated  by  TargetScan  and  miRanda. 

Table  III.  Down-regulated  miRNA  following  TSA  treatment. 

microRNA 

Mean  fold  change 

p-value 

Description  (ref.) 

Gene  targets  (ref.) 

hsa-miR-500 

-1.90 

<0.05 

OncomiR  (54) 

hsa-miR-512-3p 

-1.59 

<0.05 

cFLIP  (55) 

hsa-miR-607 

-1.68 

<0.05 

hsa-miR-613 

-1.69 

<0.05 

LXR  (56) 

hsa-miR-622 

-1.57 

<0.05 

hsa-miR-632 

-1.86 

<0.01 

hsa-miR-636 

-2.00 

<0.05 

hsa-miR-645 

-2.03 

<0.01 

OncomiR  (57) 

hsa-miR-651 

-1.60 

<0.05 

hsa-miR-657 

-1.91 

<0.01 

IGF2R  (58) 

Only  one  known  oncomiR,  miR-155,  was  found  to  be  increased 
following  TSA  treatment,  but  with  a  mean  fold  change  of  1.53 
compared  to  control,  this  was  the  lowest  change  observed, 
although  statistically  significant.  Of  the  microRNAs  identified 
as  significantly  decreased  (Table  III)  following  TSA  treatment 
(compared  to  control),  two  have  been  identified  as  oncomiRs 
(miR-500,  miR-645)  and  three  others  have  confirmed  targets 


involved  in  tumorigenesis  (miR-512-3p,  miR-613,  miR-657). 
Taken  together,  these  data  indicate  that  HDACi  treatment  may 
promote  an  anti-tumor  microRNA  expression  profile  in  the 
apoptotically  resistant  cell  line  MCF-7TN-R,  providing  novel 
therapeutic  targets  for  the  treatment  of  drug  resistant  breast 
cancer. 
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Abstract 


Introduction:  Of  the  more  than  one  million  global  cases  of  breast  cancer  diagnosed  each  year, 
approximately  fifteen  percent  are  characterized  as  triple-negative,  lacking  the  estrogen, 
progesterone,  and  Her2/neu  receptors.  Lack  of  effective  therapies,  younger  age  at  onset,  and 
early  metastatic  spread  have  contributed  to  the  poor  prognoses  and  outcomes  associated  with 
these  malignancies.  Here,  we  investigate  the  ability  of  the  histone  deacetylase  inhibitor 
Panobinostat  (LBH589)  to  selectively  target  triple-negative  breast  cancer  (TNBC)  cell 
proliferation  and  survival  in  vitro  and  tumorigenesis  in  vivo. 

Methods:  TNBC  cell  lines  MDA-MB-157,  MDA-MB-231,  MDA-MB-468,  and  BT-549  were 
treated  with  nanomolar  (nM)  quantities  of  LBH589.  Relevant  histone  acetylation  was  verified 
by  flow  cytometry  and  immunofluorescent  imaging.  Assays  for  trypan  blue  viability,  MTT 
proliferation,  and  DNA  fragmentation  were  used  to  evaluate  overall  cellular  toxicity.  Changes  in 
cell  cycle  progression  were  assessed  with  propidium  iodide  flow  cytometry.  Additionally,  qPCR 
arrays  were  used  to  probe  MDA-MB-231  cells  for  LBH589-induced  changes  in  cancer 
biomarkers  and  signaling  pathways.  Orthotopic  MDA-MB-231  and  BT-549  mouse  xenograft 
models  were  used  to  assess  the  effects  of  LBH589  on  tumorigenesis.  Lastly,  flow  cytometry, 
ELISA,  and  immunohistochemical  staining  were  applied  to  detect  changes  in  CDH1  protein 
expression  and  the  results  paired  with  confocal  microscopy  in  order  to  examine  changes  in  cell 
morphology. 

Results:  LBH589  treatment  increased  histone  acetylation,  decreased  cell  proliferation  and 
survival,  and  blocked  cell  cycle  progression  at  G2/M  with  a  concurrent  decrease  in  S  phase  in  all 
TNBC  cell  lines.  Treatment  also  resulted  in  apoptosis  induction  at  24  hours  in  all  lines  except 
the  MDA-MB-468  cell  line.  MDA-MB-231  and  BT-549  tumor  formation  was  significantly 
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inhibited  by  LBH589  (10  mg/kg/day)  in  mice.  Additionally,  LBH589  up-regulated  CDH1 


protein  in  vitro  and  in  vivo  and  induced  cell  morphology  changes  in  MDA-MB-231  cells 
consistent  with  reversal  of  the  mesenchymal  phenotype. 

Conclusions:  This  study  revealed  that  LBH589  is  overtly  toxic  to  TNBC  cells  in  vitro  and 
decreases  tumorigenesis  in  vivo.  Additionally,  treatment  up-regulated  anti-proliferative,  tumor 
suppressor,  and  epithelial  marker  genes  in  MDA-MB-231  cells  and  initiated  a  partial  reversal  of 
the  epithelial-to-mesenchymal  transition.  Our  results  demonstrate  a  potential  therapeutic  role  of 
LBH589  in  targeting  aggressive  triple-negative  breast  cancer  cell  types. 


Keywords:  Panobinostat,  LBH589,  triple-negative  breast  cancer,  xenograft,  histone  deacetylase 
inhibitor,  E-cadherin,  CDH1,  epithelial-to-mesenchymal  transition 
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Introduction 


Over  200,000  new  cases  of  invasive  breast  cancer  are  diagnosed  in  the  United  States  each  year 
and  approximately  40,000  of  the  patients  diagnosed  will  die  from  the  disease  [1],  Breast  cancers 
are  routinely  classified  by  stage,  pathology,  grade  and  expression  of  estrogen  receptor  (ER), 
progesterone  receptor  (PR)  or  human  epidermal  growth  factor  receptor  (Her2/neu).  Current 
successful  therapies  include  hormone-based  agents  that  directly  target  these  receptors  [2,  3], 
Triple-negative  breast  cancer  (TNBC)  is  a  heterogeneous  subset  of  neoplasms  that  is  defined  by 
the  absence  of  these  targets  [4-6].  Approximately  15%  of  globally  diagnosed  breast  cancers  are 
designated  as  ER-,  PR-  and  Her2/neu-negative  [1,  7,  8],  Studies  have  shown  that  tumors  of  this 
aggressive  subtype  are  of  higher  histological  grade,  affect  a  disproportionate  number  of  young 
women,  and  are  more  likely  to  recur  earlier  at  distant  sites,  resulting  in  poor  overall  prognoses 
[4,  5,  9,  10].  To  improve  outcomes  of  TNBC,  we  must  unravel  its  biological  pathways  and 
modes  of  progression  and  use  that  knowledge  to  develop  novel  targets  and  therapies. 

Histone  deacetylase  inhibitors  (HDACis)  have  emerged  as  a  promising  new  class  of 
multifunctional  anticancer  agents  [11,  12].  That  promise  lies  in  the  ability  of  HDACis  to  effect 
multiple  epigenetic  changes  in  aberrant  cells.  In  addition  to  regulating  gene  expression  and 
transcription  through  chromatin  remodeling,  HDACis  can  also  modulate  a  variety  of  cellular 
functions  including  growth,  differentiation,  and  survival  [13,  14]  due,  in  part,  to  their  ability  to 
enhance  acetylation  of  a  wide  range  of  proteins,  including  transcription  factors,  molecular 
chaperones,  and  structural  components  [11,  15,  16].  Specifically,  HDACis  have  been  linked  to 
several  downstream  effects  in  tumor  cell  lines  which  include:  cell  cycle  arrest,  induction  of 
apoptosis,  inhibition  of  angiogenesis,  activation  or  inactivation  of  tumor  suppressor  genes  or 
oncogenes,  and  decreased  invasion  and  metastases  [11,  12,  17]. 
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Panobinostat  (LBH589)  is  a  potent  pan-deacetylase  inhibitor  that  can  block  multiple  cancer 
related  pathways  and  reverse  epigenetic  events  implicated  in  cancer  progression  [18].  HDACs 
can  be  subdivided  into  two  groups:  zinc -dependent  (Class  I,  II,  and  IV)  and  zinc-independent 
(Class  III)  [19].  Panobinostat  (LBH589)  is  a  potent  inhibitor  with  activity  against  Class  I,  II,  and 
IV  HD  AC  enzymes,  suggesting  true  pan-HD  AC  activity  [18].  In  preclinical  studies,  LBH589 
has  shown  potent  inhibitory  activity  at  low  nanomolar  concentrations  across  a  wide  range  of 
hematologic  malignancies  including  lymphoma,  multiple  myeloma  and  acute  myeloid  leukemia 
[20-22] .  It  is  also  being  investigated  as  treatment  against  non-responsive  solid  tumors  as  well  as 
tumors  of  lung,  thyroid,  and  prostate  [23-26].  It  has  shown  synergy  with  chemo therapeutics, 
radiation,  demethylators,  proteasome  inhibitors,  and  other  agents  [27-29].  Based  on  these 
preclinical  findings,  LBH589  and  other  HDACis  have  undergone  a  rapid  phase  of  clinical 
development  with  many  entering  clinical  trials,  both  as  single  agents  or  in  combination  with 
other  therapies  [12,  23,  30,  31].  To  date,  LBH589  has  demonstrated  favorable  clinical  responses, 
with  limited  toxicity  [23,  32,  33].  There  is  a  critical  need  to  develop  pleiotropic  therapies  that 
specifically  target  the  neoplasm  as  well  as  the  biological  pathways  and  markers  of  TNBC 
progression.  The  purpose  of  this  study  was  to  determine  the  ability  of  LBH589  to  selectively 
target  the  TNBC  subtype  of  breast  cancer  cells,  assessed  by  the  effects  on  the  growth,  survival, 
and  tumorigenesis  of  a  representative  panel  of  TNBC  cells.  We  also  sought  to  characterize  the 
effects  LBH589  on  the  regulation  of  breast  cancer  genes,  related  signaling  pathways  and 
morphology. 
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Materials  and  Methods 


Cell  lines  and  reagents 

Human  TNBC  (MDA-MB-157,  MDA-MB-231,  MDA-MB-468,  BT-549),  MDA-MB-361  and 
HEK293T  (human  embryonic  kidney)  cell  lines  and  were  obtained  from  the  American  Type 
Culture  Collection  (ATCC,  Manassas,  VA).  MDA-MB-157,  MDA-MB-231,  and  BT-549  cells 
are  characterized  as  triple-negative/basal-B  mammary  carcinoma,  while  the  MDA-MB-468  cells 
are  characterized  as  triple-negative/basal- A  mammary  carcinoma.  MDA-MB-361  cells  are 
characterized  as  ER-positive/PgR-negative,  luminal  mammary  carcinoma.  Liquid  nitrogen 
stocks  were  made  upon  receipt  and  maintained  until  the  start  of  each  study.  MCF-7  cells, 
characterized  as  ER-positive/PgR-positive  luminal  mammary  carcinoma,  were  obtained  from 
frozen  stocks  routinely  used  in  previous  experiments  [34].  The  ER-positive/PgR-positive  ZR- 
75-1  human  epithelial  mammary  ductal  carcinoma  cells  were  a  generous  gift  of  Dr.  Brian  Rowan 
(Tulane  University,  New  Orleans,  LA).  Cells  were  used  for  no  more  than  6  months  after  being 
thawed  with  periodic  recording  of  morphology  and  doubling  times  to  ensure  maintenance  of 
phenotype.  Cells  were  maintained  at  37°,  5%  CO2  in  Dulbecco’s  modified  Eagle’s  medium 
(10%  DMEM;  Invitrogen,  Carlsbad,  CA)  supplemented  with  10%  fetal  bovine  serum  (Hyclone, 
Salt  Lake  City,  UT)  and  1%  penicillin/streptomycin  (Invitrogen,  Carlsbad,  CA).  LBH589  was 
generously  provided  by  Novartis  Pharmaceutical  Inc.  (East  Hanover,  NJ).  LBH589  was 
dissolved  in  dimethyl  sulfoxide  (DMSO)  (Invitrogen,  Carlsbad,  CA)  as  a  1  mM  stock  solution 
and  kept  at  -20  °C.  The  drug  was  diluted  in  culture  media  and  used  at  various  concentrations  as 
indicated. 

Histone  acetylation 
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TNBC  cells  were  plated  at  70%  confluency  in  10%  DMEM  and  allowed  to  attach  overnight. 
Cells  were  treated  with  LBH589  (lOOnM,  200nM)  or  vehicle  for  18  hours,  then  fixed, 
permeabilized  and  stained  with  acetyl-histone  H3  (Lys9)  antibody  /Alexa  Fluor®  488  Conjugate 
or  acetyl-histone  H4  (Lys8)  antibody/  Alexa  Fluor®  488  Conjugate  (Cell  Signaling  Technology, 
Danvers,  MA),  followed  by  rhodamine  phalloidin,  and  DAPI  (4',6-diamidino-2-phenylindole) 
counterstain  (Molecular  Probes,  Carlsbad,  CA)  per  manufacturer’s  instructions.  Cells  were 
dually  analyzed  by  BD  FSR  II  flow  cytometer  and  BD  Pathway  855  bioimaging  confocal  system 
and  images  merged  using  BD  Attovision™  Software  (BD  Biosciences,  San  Jose,  CA).  Data  is 
represented  as  mean  fluorescence  intensity  (mean  ±  SEM)  of  two  independent  experiments  with 
internal  triplicates. 

MTT  Cell  Proliferation  Assay 

Proliferation  was  measured  by  MTT  (3-(4,  5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide)  Cell  Proliferation  Assay,  according  to  the  manufacturer’s  protocol  (ATCC,  Manassas, 
VA).  Briefly,  cells  were  plated  in  96-well  flat  bottom  plates  at  a  density  of  5x10  per  lOOpl  in 
10%  DMEM,  allowed  to  attach  overnight,  and  then  treated  with  LBH589  (50,  100,  200  nM)  or 
vehicle  for  24  hours.  MTT  reagent  (lOpl)  was  added  to  each  well  (final  concentration  0.5 
mg/ml)  and  the  plate  incubated  at  37°C.  After  4  hours,  lOOpl  of  solubilization  solution  (10% 
SDS)  was  added  to  each  well  and  the  plate  incubated  for  2  hours.  A  matched  control  cell 
standard  curve  using  sequentially  increased  cell  numbers  was  included  on  the  plate  for  each 
corresponding  cell  line  to  determine  growth  inhibition.  The  absorbance  was  read  at  570nm  on  a 
Synergy™  4  Multi-Mode  Microplate  Reader  and  analyzed  with  Gen5™  Data  Analysis  Software 
(. BioTek ,  Winooski,  VT).  Data  represented  as  mean  percent  vehicle  treated  cell  proliferation  ± 
SEM  of  triplicate  experiments  with  internal  triplicates. 
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Trypan  blue  viability  assay 


Cells  were  plated  in  96-well  plates  at  a  density  of  5x10  per  lOOpl  in  10%  DMEM  and  allowed  to 
adhere  overnight.  Cells  were  treated  with  vehicle  or  LBH589  (50,  100,  200  nM)  for  24  hours 
and  harvested  by  trypsinization.  Cells  were  then  stained  with  a  trypan  blue  solution  (0.04%  w/v, 
Invitrogen,  Carlsbad,  CA),  and  counted  on  a  Cellometer  Vision  automated  cell  counter 
(Nexcelom  Bioscience,  Lawrence,  MA)  per  the  manufacturer’s  protocol.  Cell  viabilities  are 
represented  as  mean  percent  relative  to  matched,  vehicle-treated  cells  +  SEM  of  triplicate 
experiments  with  internal  triplicates. 

Apoptosis 

Analysis  of  apoptosis  was  carried  out  using  the  Cell  Death  Detection  ELISAplus  according  to  the 
manufacture’s  protocol  (Roche  Applied  Science,  Germany).  This  quantitative  DNA 
fragmentation  immunoassay  uses  monoclonal  antibodies  directed  against  histone-complexed 
DNA.  Briefly,  cells  (104  cells/well)  were  plated  in  96  well  plates  overnight  and  treated  for  24 
hours  with  LBH589  (100,  200  nM)  or  vehicle  control.  After  cell  lysis  and  centrifugation,  the  cell 
lysates  were  tested  for  histone-complexed  DNA  fragments.  The  absorbance  was  read  at  405  nm 
on  a  Synergy™  HT  Multi-Mode  Microplate  Reader  and  analyzed  with  Gen5™  Data  Analysis 
Software  (Bio-Tek,  Winooski,  VT).  Apoptosis  of  the  treated  cells  was  expressed  as  mean 
enrichment  factor  (treated  cells  over  vehicle  controls)  ±  SEM  of  duplicate  experiments  with 
internal  triplicates. 

Cell  cycle  analysis 

For  cell  cycle  analysis,  TNBC  cells  were  plated  overnight  in  10%  DMEM  and  treated  with 
lOOnM  LBH589  for  24  or  72  hours.  Both  floating  cells  and  trypsinized  adherent  cells  were 
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collected  and  combined  for  analysis.  Cells  were  fixed  by  dropwise  addition  into  ice  cold  ethanol 
and  stored  at  -20°  overnight.  Cells  were  then  pelleted,  washed,  and  stained  for  one  hour  with  50 
pg/ml  propidium  iodide  in  PBS  containing  O.lmg/ml  ribonuclease  A  and  0.05%  Triton  X-100 
(Sigma,  St.  Louis,  MO).  After  gating  to  exclude  debris,  the  DNA  content  was  measured  using  a 
LSR-II  flow  cytometer  (BD  Biosciences,  San  Jose,  CA).  Data  was  analyzed  with  ModFit  LT 
software  (Verity  Software  House,  Topsham,  ME).  Data  represented  as  percent  live  cells  of  two 
independent  experiments. 

Plasmid  packaging  and  stable  cell  line  generation 

HEK293T  cells  were  plated  at  5.5  x  106  in  a  10  cm  dish  in  10ml  of  10%  DMEM  and  allowed  to 
adhere  overnight.  The  following  day,  the  HEK293t  cells  were  co-transfected  with  the  pLEmiR 
non-silencing  turbo  red  fluorescent  protein  (tRFP)  vector  construct  (9pg)  and  the  trans-lentiviral 
packaging  mix  and  pLEX™  transfer  vector  using  the  TransLenti  Viral  pLEX  packaging  system, 
following  the  manufacturer’s  instructions  (Thermo  Scientific,  Waltham,  MA).  Virus  was 
harvested  48  hours  post-transfection  and  stored  at  -80°C.  TNBC  cell  lines  were  plated  at  70% 
confluence  in  10  cm  dishes  with  10ml  of  10%  DMEM  and  allowed  to  adhere  overnight.  The 
following  day,  cells  were  transduced  with  virus  containing  the  pLEmiR  tRFP  vector  (1:10 
dilution)  in  serum-free  media  following  manufacturer’s  protocol.  After  4  hours,  the  transduction 
media  was  removed  and  replaced  with  10%  DMEM.  After  24  hours,  cells  were  treated  with 
puromycin  (Invitrogen,  Carlsbad,  CA)  to  select  for  vector  expression.  The  resultant  stable 
transfectants  were  designated  as  MDA-MB -231 -tRFP  and  BT-549-tRFP. 

Animal  xenograft  studies 
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Xenograft  tumor  studies  were  conducted  as  previously  described  [34].  In  short,  CB-17/SCID 
female  mice  (4-6  weeks  old)  were  obtained  from  Charles  River  Laboratories  (Wilmington,  MA). 
The  animals  were  allowed  a  period  of  adaptation  in  a  sterile  and  pathogen-free  environment  with 
food  and  water  ad  libitum.  MDA-MB-231-tRFP  and  BT-549-tRFP  cells  were  harvested  in  the 
exponential  growth  phase  using  a  PBS/EDTA  solution  and  washed.  Viable  cells  (5  x  106)  in  50 
pi  of  sterile  PBS  suspension  were  mixed  with  lOOpl  reduced  growth  factor  Matrigel  (BD 
Biosciences,  Bedford,  MA)  and  injected  bilaterally  into  the  inguinal  mammary  fat  pad.  On  day 
three  post  cell  injection,  mice  were  randomized  into  treatment  groups  of  five  mice  each:  (vehicle 
control  or  10  mg/kg  LBH589).  Beginning  on  day  14  post  cell  injection,  animals  received 
intraperitoneal  (i.p.)  injections  of  the  corresponding  drug  treatment  on  a  5-day  on  and  2-day  off 
schedule  for  28  days  [18].  Tumor  size  was  measured  with  a  digital  caliper  and  calculated  using 
the  formula  4/37iLS  (L=larger  radius,  S=smaller  radius).  At  necropsy,  animals  were  euthanized 
by  cervical  dislocation  following  CO2  exposure.  Tumors,  livers,  lungs,  and  brains  were  removed 
and  snap  frozen  or  fixed  in  10%  formalin  for  future  analysis.  All  procedures  involving  animals 
were  conducted  in  compliance  with  State  and  Federal  laws,  the  U.S.  Department  of  Health  and 
Human  Services,  and  guidelines  established  by  Tulane  University  Animal  Care  and  Use 
Committee.  The  facilities  and  laboratory  animals  program  of  Tulane  University  are  accredited 
by  the  Association  for  the  Assessment  and  Accreditation  of  Laboratory  Animal  Care. 

Human  breast  cancer  quantitative  reverse  transcription  real-time  PCR  array 

Human  Breast  Cancer  and  Estrogen  Receptor  Signaling  RT2  Profiler™  PCR  Arrays  (PAHS-005) 
were  obtained  from  SABiosciences  (Frederick,  MD).  MDA-MB-231,  MCF-7,  and  MDA-MB- 
468  cells  were  plated  in  10%  DMEM  at  70%  confluency  and  treated  with  lOOnM  LBH589  or 
vehicle  for  24  hours.  Cells  were  harvested  by  trypsinization  and  total  RNA  was  isolated  using  the 
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RNeasy  kit,  per  manufacturer’s  instructions  (Qiagen,  Valencia,  CA).  The  quantity  and  quality  of 
the  RNA  were  determined  by  absorbance  at  260  and  280  nm  using  the  NanoDrop  ND-1000 
(NanoDrop,  Wilmington,  DE).  Total  RNA  (1.5  pg)  was  reverse-transcribed  using  the  RT"  First 
Strand  cDNA  synthesis  kit,  following  the  manufacturer’s  protocol  (SABiosciences,  Frederick, 
MD)  and  then  assayed  via  an  optimized,  quantitative  reverse  transcription  real-time  PCR  (qPCR) 
array  to  assess  FBH589-associated  changes  in  the  expression  of  84  genes  related  to  breast  cancer 
regulation  and  estrogen  receptor-dependent  signal  transduction,  according  to  the  manufacturer’s 
protocol.  Biological  triplicates  were  run  for  each  sample. 

CDH1  flow  cytometry  and  immunofluorescent  imaging 

MDA-MB-231  cells  were  plated  at  70%  confluency  in  10%  DMEM  and  allowed  to  attach 
overnight.  Cells  were  then  treated  with  FBH589  (100  nM)  or  vehicle  for  24  hours.  Cells  were 
harvested  by  gentle  pipetting  (PBS  with  5%  FBS),  fixed,  and  stained  with  Alexa  Fluor®  488- 
conjugated  CDH1  (E-cadherin)  antibody  (BD  Biosciences,  San  Jose,  CA).  The  expression  of 
CDH1  protein  was  determined  by  flow  cytometry  on  a  BD  FSRII  instrument.  Data  represented 
as  mean  percent  E-cadherin  positive  cells  ±  SEM  of  duplicate  experiments  with  internal 
triplicates.  Paired  cells  were  seeded  on  BD  Falcon  96-well  black  imaging  plates.  Staining  is 
represented  by  the  following  colors:  Green  =  CDH1,  Red  =  phaloidin,  Blue  =  DAPI  nuclear 
stain.  Confocal  immunofluorescent  images  were  captured  on  the  BD  Pathway  855  Bioimaging 
system  and  merged  using  BD  Attovision™  software  (BD  Biosciences,  San  Jose,  CA). 

ELISA  for  CDH1 

MDA-MB-231  cells  (105  cells/well)  were  plated  overnight  in  6-well  plates  and  then  treated  for 
24  hours  with  LBH589  (100  nM)  or  vehicle  control.  Five  volumes  of  ice-cold  lysis  buffer  (20 
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mM  Tris-HCl,  pH  7.5/150mM  NaCl/1  mM  EDTA/1  mM  EGTA/1%  Tween  20)  supplemented 
with  protease  inhibitor  tablets  (Roche  Diagnostics,  Indianapolis,  IN)  was  added  to  each  well. 

Cell  lysates  were  mechanically  dissociated  and  centrifuged  (10,000  x  g  for  15  minutes  at  4°C), 
and  then  diluted  1:1  with  calibrator  diluent.  CDH1  levels  were  then  determined  by  human 
CDH1  ELISA  per  the  manufacturer’s  instructions  (R&D  Systems,  Minneapolis,  MN).  The 
absorbance  was  read  at  450  nm  on  a  Synergy™  HT  Multi-Mode  Microplate  Reader  (Bio-Tek, 
Winooski,  VT).  Data  represented  as  mean  pg/ml  of  CDH1  ±  SEM  of  duplicate  experiments  with 
internal  triplicates. 

Immunohistochemical  staining 

Representative  sections  of  tumor  with  adjacent  tissues  were  fixed  in  10%  neutral  buffered 
formalin  for  24  to  36  hours.  Paraffin-embedded  sections  were  prepared  at  4  pm  thickness 
followed  by  standard  hematoxylin  and  eosin  (H&E)  staining.  Additional  sections  were  manually 
deparaffinized  in  xylene,  rehydrated  in  a  series  of  graded  ethanol  solutions,  boiled  inlOmM 
sodium  citrate  buffer  (pH  6.0)  for  10  minutes,  then  cooled  for  20  minutes  for  antigen  retrieval. 
Sections  were  blocked  for  30  minutes  with  10%  normal  goat  serum  (Invitrogen,  Carlsbad,  CA), 
incubated  overnight  in  a  4°  humidified  chamber  with  rabbit  anti-E-cadherin  (Abeam,  UK)  at  1:30 
dilution,  followed  by  1  hour  incubation  with  Alexa  Fluor®  488  goat  anti-rabbit  secondary 
(Invitrogen,  Carlsbad,  CA).  Fluorescent  images  were  captured  on  a  Nikon  TE2000  inverted 
microscope  with  IPLab  software  (BD  Biosciences,  Rockville,  MD). 

Statistical  analyses 

Statistical  analyses  were  carried  out  with  GraphPad  Prism  software  (Graph-Pad  Software,  Inc., 
San  Diego,  CA).  Studies  involving  more  than  two  groups  were  analyzed  by  one-way  analysis  of 
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variance  (ANOVA)  followed  by  Tukey’s  post-hoc  multiple  comparison  tests.  All  others  were 
subjected  to  unpaired  Student’s  t-test,  with  p<0.05  considered  statistically  significant. 

Results 

LBH589  induces  histone  acetylation 

To  verify  the  effects  of  LBH589  as  a  relevant  histone  deacetylase  inhibitor,  four  TNBC  cell 
lines,  MDA-MB157,  MDA-MB-231,  MDA-MB-468,  and  BT-549,  were  treated  with  increasing 
concentrations  of  the  drug  (100-200nM)  and  assayed  after  18  hours  by  flow  cytometry  for 
antibodies  to  acetylated  histones  H3  and  H4.  As  can  be  seen  in  Figures  1A-1B,  LBH589  induced 
hyper-acetylation  of  histones  H3  (Lys9)  and  H4  (Lys8)  in  all  four  tested  TNBC  cell  lines,  as  seen 
in  Figures  1A  and  IB,  respectively  (***,  p  <  0.001).  MDA-MB-468  cells  were  the  least 
responsive  to  LBH589  with  a  2.1-fold  change  compared  to  vehicle  treated  cells.  Additionally, 
three  color  confocal  immunofluorescence  imaging  was  conducted  to  visually  confirm  the 
increased  accumulation  of  acetylated  histones  H3  (Figure  1C)  and  H4  (Figure  ID)  in  the 
LBH589-treated  cells. 

LBH589  cytotoxicity  in  TNBC  cell  lines 

To  determine  the  effect  of  LBH589  on  cell  proliferation  and  survival  in  vitro ,  three  ER-positive 
and  four  TNBC  cell  lines  were  treated  with  increasing  doses  (50,  100,  200  nM)  of  drug  for  24 
hours.  LBH589  induced  a  significant  dose-dependent  decrease  in  proliferation  in  all  four  tested 
TNBC  cell  lines,  as  assayed  by  MTT  metabolism  (Figure  2A).  At  200nM,  all  TNBC  cells  had 
greater  than  40%  reduction  in  proliferation  compared  to  vehicle  treated  cells  (p  <  0.001).  In 
contrast,  growth  of  ER-positive  cell  lines  (MCF-7,  ZR-75-1,  and  MDA-MB-361)  was  not 
significantly  affected  by  LBH589.  In  order  to  confirm  the  accuracy  of  the  MTT  assay,  trypan 
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blue  assays  were  also  conducted  as  a  measure  of  membrane  integrity  (Figure  2B).  Again,  cell 


viability  was  significantly  decreased  in  the  TNBC  cell  lines  at  all  doses  compared  to  vehicle 
controls,  with  a  greater  than  25%  decrease  in  cell  viability  observed  at  200nM  in  all  TNBC  cell 
lines  (p  <  0.001).  As  with  the  MTT  assay,  LBH589  treatment  did  not  affect  ER-positive  cell 
viability  as  measured  by  trypan  blue. 

Effects  of  LBH589  on  cell  cycle  progression  were  analyzed  by  propidium  iodide  flow  cytometry 
at  24  and  72  hours.  LBH589  (lOOnM)  induced  G2/M  cell  cycle  arrest,  as  evidenced  by 
accumulation  of  cells  in  G2/M,  with  concurrent  decrease  in  S  phase  peaks  in  all  four  tested 
TNBC  cell  lines  (Table  1).  Treatment  also  induced  a  time-dependent  increase  in  sub-G/debris 
fraction  in  all  four  TNBC  cell  lines  (data  not  shown). 

LBH589-induced  apoptosis,  as  measured  by  DNA  fragmentation,  was  assessed  at  24  hours  in  the 
TNBC  cell  lines.  A  clear  induction  of  apoptosis  was  apparent  at  lOOnM  and  200nM 
concentrations  in  three  of  the  four  tested  TNBC  cell  lines  (p  <  0.001),  with  a  mean  increase  of 
304  ±  0.78%  at  200nM  (Figure  3A).  Enrichment  was  not  significant  in  the  MDA-MB-468  cell 
line  at  this  time  point.  Visual  evidence  of  LB H5 8 9 -induced  apoptosis  (arrows)  is  presented  in 
the  panel  of  confocal  immunofluorescence  images  shown  in  Figures  3B. 

LBH589  targets  tumor  growth  in  vivo 

To  determine  if  the  anti-cancer  effects  of  LBH589  observed  in  vitro  translated  to  decreased 
tumorigenesis  in  vivo,  immunocompromised  female  mice  were  orthotopically  inoculated  with 
MDA-MB-231  (Figure  4A)  or  BT-549  (Figure  4B)  cells  (5xl06  cells/site,  bilaterally)  and  treated 
with  LBH589  or  vehicle  control.  Treatment  with  LBH589  (lOmg/kg/day,  5  days/week)  resulted 
in  significant  decreases  in  tumor  volume  with  3-  to  4-fold  (BT549  and  MDA-MB-231, 
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respectively)  inhibition  of  tumor  volumes  compared  to  controls  by  day  41  (28  days  post 
treatment,  p  <  0.001).  There  was  no  overt  toxicity,  as  measured  by  weight  loss,  noted  at  this 
dose  and  treatment  schedule. 

LBH589  regulates  breast  cancer  genes  and  estrogen  signaling  pathways. 

To  reveal  possible  molecular  mechanisms  and  signaling  pathways  involved  in  TNBC  cell 
response  to  LBH589,  MDA-MB-231  cells  were  treated  for  24  hours  and  analyzed  with  the 
Human  Breast  Cancer  and  Estrogen  Receptor  Signaling  RT2  Profiler™  PCR  Array 
(SABiosciences  Frederick,  MD).  As  shown  in  Supplemental  Table  1,  thirty-five  of  the  eighty- 
four  representative  genes  were  significantly  altered  at  least  2-fold  (p<0.05).  Specifically, 
expression  of  twenty-four  genes  was  up-regulated  while  expression  of  eleven  genes  was 
suppressed.  Of  particular  interest  was  the  31-fold  increase  in  the  documented  epithelial  cell 
marker/tumor  suppressor,  CDH1  (E-cadherin)  [35].  Also  noted  were  decreases  in  the 
proliferation  marker  MKI67  and  upregulation  of  the  tight -junction  protein,  claudin-7. 

To  further  investigate  whether  the  above  LBH589-induced  changes  were  specific  to  the  basal-B 
subtype,  MDA-MB-468  (basal-A)  and  MCF-7  (luminal)  cell  lines  were  also  tested  by  Human 
Breast  Cancer  and  Estrogen  Receptor  Signaling  RT2  Profiler™  PCR  Array  following  24  hours  of 
LBH589  treatment.  The  representative  heat  map  illustrates  the  changes  in  gene  expression  of  all 
three  cell  lines  following  LBH589  treatment  as  compared  to  MDA-MB-231  vehicle  treated  cells 
(Figure  5).  Supplemental  Table  2  shows  the  twenty-four  significantly  altered  genes  in  the  MDA- 
MB-468  cells  following  LBH589  treatment  (p<0.05),  with  nineteen  up-regulated  and  five  genes 
down-regulated.  Of  the  up-regulated  genes,  many  are  known  to  be  involved  in  the  promotion  of 
cell  proliferation,  survival,  and  tumor  progression  (CCNA1,  CCNE1,  FOSL1,  ITGB4,  PAPPA, 
RAC2,  SERPINB5),  while  only  three  tumor  suppressive  genes  (CDKN1A,  SPRR1B,  THBS1) 
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were  increased  by  LBH589  in  the  MDA-MB-468  cell  system.  Supplemental  Table  3  shows  the 
thirty-four  genes  significantly  altered  by  LBH589  in  MCF-7  cells  (p<0.05).  Of  these  altered 
genes,  twenty-four  were  up-regulated  while  ten  genes  were  down-regulated.  Again,  many  of  the 
up-regulated  genes  have  known  roles  in  cell  proliferation,  survival,  and  tumorigenesis  (CCNA1, 
FGF1,  ITGA6,  KLF5,  SERPINE1,  SLC7A5)  in  the  MCF-7  cells.  Additionally,  the  well  known 
metastasis  suppressor  NME1  was  decreased  by  LBH589  in  these  cells.  Overall,  these  array  data 
reveal  a  profile  consistent  with  a  less  aggressive,  and  more  favorable  prognostic  profile  for 
MDA-MB-231  cells  treated  with  LHB589,  while  the  less  biologically  sensitive  MDA-MB-468 
and  MCF-7  cell  lines  display  a  less  clear  cut  picture  for  LBH589-induced  gene  expression  in 
cells  of  the  basal- A  and  luminal  subtypes.  LBH589  induces  changes  in  morphology  and  CDH- 
1  expression  of  MDA-MB-231  cells  consistent  with  reversal  of  EMT. 

To  assess  potential  LBH589-induced  changes  in  morphology  and  cytoskeletal  protein  expression 
in  mesenchymal  cells,  MDA-MB-231  cells  were  treated  with  LBH589  (100  nM)  for  24  hours 
and  analyzed.  Figure  6A  shows  a  significant  increase  of  CDH1 -positive  cells  in  FBH589  treated 
cells  compared  to  control  (48.5  ±  2.3  %  to  9.70  ±  0.569  %,  respectively;  p  <  0.001).  In 
confirmation,  cells  were  also  assayed  by  EFISA,  which  showed  a  1.6-fold  increase  in  CDH1 
protein  levels  over  controls  (Figure  6B,  p<0.001).  These  results  are  consistent  with  our  qPCR 
array  finding  of  31-fold  up-regulation  of  CDH1  expression  in  MDA-MB-231cells  (Table  2). 
MDA-MB-231  cells  also  exhibited  partial  reversal  of  the  mesenchymal  phenotype,  as  evidenced 
by  a  shift  from  spindle  shaped  cells  with  visible  actin  stress  fibers  to  predominantly 
cuboidal/spherical  forms  with  cortical  actin  patterns  [36-38],  following  24  hour  treatment  with 
FBH589  (Figures  6C).  To  determine  if  the  in  vitro  up-regulation  of  CDH1  also  occurred  in  vivo , 
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MDA-MB-231  primary  tumor  sections  were  stained  for  CDH1.  As  can  be  seen  in  Figure  7,  there 
is  increased  CDH1  staining  along  the  periphery  of  the  LBH589  treated  tumor. 

Discussion 

In  recent  years,  an  increasing  number  of  HDACis  have  been  identified,  developed,  and  advanced 
to  clinical  trials  [39-40].  LBH589  has  shown  potent  activity  at  low  nanomolar  concentrations 
across  a  wide  range  of  hematologic  malignancies  and  solid  tumors  in  preclinical  studies  [20-22, 
41].  Others  have  demonstrated  that  HDACi  treatment  can  suppress  oncogenes  and  induce  re¬ 
expression  of  previously  silenced  tumor  suppressors  and  receptors  such  as  the  ER  [24,  42-44] . 

In  addition  to  its  single  agent  effects,  recent  studies  have  demonstrated  a  role  for  LBH589  in 
resensitizing  cancer  cells  to  other  agents  including  chemotherapy  [45],  radiation  [46],  autophagy 
inhibitors  [47],  and  endocrine  therapies  including  tamoxifen  [48]  and  letrozole  [49].  In 
consideration  of  the  promising  results  reported  by  others,  we  endeavored  to  determine  whether 
LBH589  would  be  effective  against  a  panel  of  breast  cancer  cell  lines  that  display  common 
characteristics  of  the  triple-negative  subtype. 

In  this  study,  we  utilized  MDA-MB-157,  MDA-MB-231,  MDA-MB-468,  and  BT549  cell  lines 
as  models  of  TNBC  growth  and  progression.  In  confirmation  of  other  preclinical  research  [20, 
24,  42,  44,  50,  51],  we  found  that  LBH589  induced  hyperacetylation  of  histones  H3  and  H4, 
decreased  proliferation  and  survival,  and  induced  apoptosis  and  G2/M  cell  cycle  arrest.  The 
MDA-MB-231  and  BT549  lines  were  chosen  as  models  for  our  in  vivo  xenograft  studies  using 
CB-17/SCID  mice.  Treatment  with  LBH589  decreased  MDA-MB-231  and  BT549  tumor 
significantly  with  minimal  animal  toxicity,  providing  preclinical  data  on  the  effectiveness  of 
LBH589  on  TNBC  tumorigenesis  at  a  low  and  well  tolerated  dose. 
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The  LB H5 8 9 -induced  effects  on  cell  proliferation  and  survival  appear  to  be  TNBC  cell  specific 
as  the  ER-positive  cell  lines  tested  were  unaffected  at  all  doses  tested  (up  to  200  nM),  contrary  to 
previously  published  work  which  reported  LBH589  significantly  inhibited  cell  survival  and 
induced  cell  death  in  ER-positive  and  ER-negative  breast  cancer  cell  lines  [44,  47] .  We  propose 
that  the  more  aggressive,  highly  proliferative  nature  and  invasive  phenotype  of  TNBC  cells 
render  them  particularly  susceptible  to  the  effects  of  LBH589.  Of  the  four  TNBC  cell  lines 
tested,  the  MDA-MB-468  cells  were  the  most  resistant  to  hyper-acetylation  and  DNA 
degradation  by  the  drug.  This  is  interesting  as  this  cell  line  is  the  most  phenotypically  different 
(spherical  morphology)  and  least  invasive  of  the  four  tested  cell  lines.  The  MDA-MB-157, 
MDA-MB-231,  and  BT549  lines  have  been  classified  as  basal-B  [52],  with  the  MDA-MB-231 
and  BT-549  cell  lines  specifically  classified  as  mesenchymal  (stellate),  claudin-low,  and  highly 
invasive  [53-56].  The  MDA-MB-157  cells  are  classified  as  mesenchymal,  claudin-low,  and 
moderately  invasive  [52].  Clinically,  the  majority  of  claudin-low  tumors  are  of  the  triple¬ 
negative  subtype  and  are  associated  with  poor  overall  prognoses  [53].  However,  MDA-MB-468 
cells  have  been  characterized  under  the  basal-A  subtype,  as  they  possess  both  basal  (triple¬ 
negative)  and  luminal  (spherical  morphology)  characteristics  and  are  only  minimally  invasive 
[52].  Additionally,  super  array  data  comparing  LB H5 8 9 -induced  gene  expression  changes 
between  LBH5 89-sensitive  (MDA-MB-231,  basal-B)  and  LBH589-insensitive  (MDA-MB-468, 
basal-A;  MCF-7,  luminal)  cells  revealed  several  changes  specific  to  the  basal-B  subtype  (see 
bolded  genes  in  Supplemental  Table  1).  These  ten  genes  included  known  regulators  cell 
proliferation  (FOSL1,  STC2,  TGFA,  THBS2)  and  apoptosis  (FAS,  FASLG),  as  well  as 
angiogenesis  (TNFAIP2).  Additionally,  many  of  the  genes  altered  by  LBH589  specifically  in 
MDA-MB-231  cells  have  documented  roles  in  cell  invasion  and  metastasis  including  CDH1, 
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CLDN7,  F0SL1,  PLAU,  STC2,  and  TGFA.  These  data  support  the  role  of  the  selective  effects 
of  LBH589  observed  on  the  basal-B  cell  lines  compared  to  the  other  subtypes  tested. 
Interestingly,  superarray  data  identified  CDH1  as  being  the  most  induced  gene  by  LBH589 
treatment  specifically  in  MDA-MB-231  cells,  as  these  cells  are  characterized  as  mesenchymal, 
thus  lacking  significant  CDH1  expression.  The  TNBC  subtype  is  exemplified  by  its  highly 
aggressive  and  metastatic  nature.  A  known  key  step  in  the  process  of  metastasis  is  the  epithelial- 
to-mesenchymal  transition  (EMT).  This  oncogenic  EMT  is  typified  by  increased  invasion  and 
metastatic  dissemination,  therapeutic  resistance  and  loss  of  expression  of  tumor  suppressors  such 
as  CDH1  [57,  58].  Studies  have  demonstrated  that  EMT  and  the  resultant  loss  of  CDH1 
expression  are  crucial  steps  in  tumor  progression  and  correlate  with  poor  clinical  outcomes  [59- 
61].  In  confirmation  of  our  in  vitro  data  on  CDH1  up-regulation,  we  also  noted  an  increase  in 
CDH1  on  the  periphery  of  the  primary  tumor  from  our  MDA-MB-231  xenograft  model. 
Decreased  CDH1  expression  at  the  tumor  periphery  has  been  linked  to  increased  metastasis-risk 
and  decreased  overall  patient  survival  [62].  Induction  of  CDH1  expression  by  LHB589  at  the 
invasive  edge  may  therefore  be  indicative  of  decreased  metastatic  potential.  LBH589-induced 
re-expression  of  CDH1,  along  with  other  morphological  features,  indicates  the  partial  reversal  of 
EMT,  a  target  of  enormous  potential  particularly  in  the  TNBC  subtype.  This  suggests  LBH589  as 
a  promising  therapeutic  option  for  the  more  aggressive,  TNBC/basal-like  breast  cancer  subtypes. 
Conclusions 

Our  results  illustrate  the  ability  of  LBH589  to  hyperacetylate  histones,  inhibit  proliferation  and 
survival,  and  decrease  in  vivo  tumorigenesis  of  TNBC  cells.  Our  in  vitro  data  suggest  that  this 
cytotoxicity  is  partially  due  to  cell  cycle  arrest  and  apoptosis.  Also  noted  in  treated  cultures  was 
an  apparent  partial  reversal  of  the  mesenchymal  phenotype  evidenced  by  increased  CDH1 
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protein  expression  and  morphology  changes  in  MDA-MB-231  cells.  This  increased  CDH1  was 
confirmed  with  measured  upregulation  of  the  CDH1  staining  at  the  primary  tumor  periphery  in 
our  xenograft  model.  Overall,  our  results  affirm  the  efficacy  and  demonstrate  a  potential 
therapeutic  role  of  LBH589  in  targeting  aggressive  triple-negative  breast  cancer  cell  types. 
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Abbreviations 


BT-549-tRFP 

BT-549  turbo  red  transfectant 

CDH1 

Cadherin-1,  E-cadherin 

DAPI 

4',6-diamidino-2-phenylindole. 

10%DMEM 

Dulbecco’s  modified  Eagle’s  medium  with  10%  fetal  bovine  serum 

DMSO 

Dimethyl  sulfoxide 

ELISA 

Enzyme-linked  immunosorbent  assay 

EMT 

Epithelial-to-mesenchymal  transition 

ER 

Estrogen  receptor 

HDAC 

Histone  deacetylase 

HDACi 

Histone  deacetylase  inhibitor 

H&E 

Hematoxylin  and  eosin 

Her2/neu 

Human  epidermal  growth  factor  receptor  2 

i.p. 

Intraperitoneal 

LBH589 

Panobinostat 

MDA-MB-231-tRFP  MDA-MB-231  turbo  red  transfectant 


MT3 

Metallothionein  3 

MTT 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide 

nM 

Nanomolar 

PR 

Progesterone  receptor 

qPCR 

Quantitative  reverse  transcription  real-time  polymerase  chain  reaction 

SC  ID 

Severe  combined  immunodeficiency 

TNBC 

Triple-negative  breast  cancer 
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tRFP 


Turbo  red  fluorescent  protein 
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Figure  Legends 


Figure  1.  LBH589  increases  histone  H3  (Lys9)  and  H4  (Lys8)  acetylation  in  TNBC  cell 
lines.  Cells  were  treated  with  LBH589  (100,  200nM)  or  vehicle  (DMSO)  for  18  hours,  fixed, 
permeabilized  and  stained  for  acetyl-histones  (A)  H3  (Lys9)  or  (B)  H4  (Lys8)  and  subjected  to 
flow  cytometry.  Data  is  presented  as  mean  fluorescence  intensity  (mean  ±  SEM)  of  two 
independent  experiments,  (***,  p<0.001).  (C-D)  Confocal  images  of  TNBC  cell  lines  treated 
with  LBH589  (lOOnM)  or  vehicle  for  18  hours,  fixed,  permeabilized  and  stained  red  [Rhodamine 
Phalloidin]  for  actin  filaments  and  green  [Alexa  Fluor®  488]  for  acetyl-histones  (C)  H3  (Lys9) 
or  (D)  H4  (Lys8).  Original  magnification  was  400x  with  scale  bars  at  20  microns. 

Figure  2.  LBH589  decreases  TNBC  cell  proliferation  and  viability.  Cells  from  four  TNBC 
cell  lines  (MDA-MB-157,  MDA-MB-231,  MDA-MB-468,  BT549)  and  three  ER-positive  cell 
lines  (MCF-7,  MDA-MB-361,  ZR-75)  were  treated  with  LBH589  (50,  100,  200  nM)  or  vehicle 
(DMSO)  for  24  hours  and  assayed  by  (A)  MTT  proliferation  and  (B)  trypan  blue  exclusion 
assays.  Data  is  represented  as  percent  control  (mean  ±  SEM)  of  three  independent  experiments, 

(**,  p<0.01;  ***,  p<0.001). 

Figure  3.  LBH589  induces  apoptosis  in  TNBC  cells.  (A)  TNBC  cells  treated  with  LBH589 
(100,  200nM)  or  vehicle  (DMSO)  for  24  hours  were  assayed  by  DNA  fragmentation  (Cell  Death 
ELISA)  assay  to  assess  changes  in  apoptosis.  Data  is  presented  as  enrichment  (mean  ±  SEM) 
versus  control  of  two  independent  experiments  (***,  p<0.001).  (B)  Representative  confocal 
images  show  presence  of  apoptotic  bodies  (arrows)  in  LBH589  treated  MDA-MB-157,  MDA- 
MB-231,  and  BT-549  cells  at  18  hours.  Cells  stained  red  [rhodamine  phalloidin]  for  actin 
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filaments,  green  [Alexa  Fluor®  488]  for  acetyl-histone  H3  (Lys9),  and  blue  for  DAPI  nuclear 


stain.  Original  magnification  is  400x  with  scale  bars  at  20  microns. 

Figure  4.  Effect  of  LBH589  on  tumor  growth  in  MDA-MB-231  and  BT549  xenograft 
models.  Female,  CB-17/SCID  mice  (n=5/group)  were  injected  with  (A)  MDA-MB-231-tRFP  or 
(B)  BT-549-tRFP  cells  (5xl06  cells/injection)  bilaterally  into  the  inguinal  mammary  fat  pad.  On 
day  14,  mice  were  treated  intraperitoneally  (i.p.)  with  LBH589  (lOmg/kg)  or  vehicle  (1:20 
DMSO  in  normal  saline)  5  days/week  for  28  days.  Data  points  represent  average  tumor  volume 
±  SEM,  (***,  p<0.001). 

Figure  5.  Heat  Map  of  LBH589-induced  gene  expression  changes  in  MDA-MB-231,  MDA- 
MB-468,  and  MCF-7  cells.  MDA-MB-231,  MDA-MB-468,  or  MCF-7  cells  were  treated  for  24 
hours  with  LBH589  (lOOnM)  or  vehicle  (DMSO)  and  then  assayed  via  the  Human  Breast  Cancer 
and  Estrogen  Receptor  Signaling  RT2  Profiler™  PCR  Array.  Red  signifies  up-regulation  and 
green  signifies  down-regulation  by  LBH589  compared  to  MDA-MB-231  vehicle  treated 
controls.  Data  is  representative  of  three  independent  experiments.  Genes  regulated  at  least  2-fold 
are  also  summarized  in  Supplemental  Tables  1  (MDA-MB-231),  2  (MDA-MB-468)  and  3 
(MCF-7). 

Figure  6.  LBH589  up-regulates  CDH1  expression  and  initiates  EMT  reversal  in  MDA-MB- 
231  Cells.  MDA-MB-231  cells  were  plated  overnight  and  treated  with  LBH589  (lOOnM)  or 
vehicle  (DMSO)  for  24  hours.  The  expression  of  CDH1  was  examined  by  (A)  flow  cytometry 
and  (B)  ELISA.  Data  is  represented  as  mean  ±  SEM  of  two  independent  experiments,  (***, 
p<0.001).  (C-E)  MDA-MB-231  morphology  changes  were  assessed  in  vehicle  and  LBH589 
(lOOnM)  treated  cells  with  3-color  fluorescence  staining  on  a  BD  Pathway  855  Bioimager.  (C) 
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Control  and  (D-E)  LBH589  treated  cells  were  stained  red  [rhodamine  phalloidin]  for  actin 
filaments,  green  [Alexa  Fluor®  488]  for  acetyl-histone  H3  (Lys9),  and  blue  [DAPI]  nuclear 
counter  stain.  Partial  reversal  of  EMT  in  treated  cells  is  indicated  by  presence  of 
cuboidal/spherical  cells  (arrows).  (E)  2-fold  magnification  of  field  with  normal  untransformed 
mesenchymal  cell  and  transformed  spherical  cells.  Original  magnification  is  400x  with  scale  bars 
at  20  microns. 

Figure  7.  LBH589  increases  CDH1  expression  in  MDA-MB-231  primary  tumors. 

Control  and  LBH589  treated,  formalin-fixed  mammary  fat  pad  sections  from  MDA-MB-231- 
tRFP  injected  CB17-SCID  mice  were  stained  for  hematoxylin  and  eosin  (left  column)  or  anti¬ 
human  CDH1  (1:30;  right  column)  followed  by  Alexa  Fluor®  488  secondary  antibody.  Original 
magnification  was  lOOx  with  scale  bars  at  200  microns. 

Additional  Files: 

Supplemental  Table  1  -  FBH589  induced  expression  changes  of  breast  cancer  related  genes  in 
MDA-MB-231  cells. 

Supplemental  Table  2  -  FBH589  induced  expression  changes  of  breast  cancer  related  genes  in 
MDA-MB-468  cells. 

Supplemental  Table  3  -  FBH589  induced  expression  changes  of  breast  cancer  related  genes  in 
MCF-7  cells. 
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Tablel.  Effect  lOOnM  LBH589  on  Cell  cycle  percentage  of  TNBC  cells. 


LBH589 

G0/G1 

S 

G2/M 

MDA-MB-157 

- 

24  h 

61.72 

21.68 

16.59 

+ 

24  h 

64.3 

10.83 

24.87 

- 

72h 

52.21 

25.53 

22.26 

+ 

72h 

54.14 

9.48 

36.37 

MDA-MB-231 

- 

24  h 

86.74 

6.03 

7.23 

+ 

24  h 

33.04 

0.5 

66.46 

- 

72h 

57.05 

24.7 

18.25 

+ 

72h 

37.75 

2.33 

59.92 

MDA-MB-468 

- 

24  h 

54.07 

30.29 

15.64 

+ 

24  h 

51.55 

17.01 

31.44 

- 

72h 

53.45 

34.81 

11.74 

+ 

72h 

52.67 

16.78 

30.55 

BT-549 

- 

24  h 

37.66 

26.57 

35.77 

+ 

24  h 

39.76 

8.61 

51.63 

- 

72h 

36.42 

27.08 

36.49 

+ 

72h 

42.93 

3.95 

53.13 

Data  (percent  gated  cells)  representative  of  two  independent  experiments. 


36 


Supplemental  Table  1.  LBH589  induced  expression  changes  of  breast  cancer  related  genes 
in  MDA-MB-231  cells. 


Gene 

Fold  Change 

p-value 

Gene 

Fold  Change 

p-value 

C3 

14.2811 

0.000787 

JUN 

2.0972 

0.018841 

CCNA1 

2.1187 

0.000251 

KRT19 

3.0201 

0.004639 

CCNA2 

-7.9516 

0.000263 

MKI67 

-5.3952 

0.003995 

CCND1 

-2.3645 

0.008124 

MT3 

87.5637 

0.000006 

CDH1 

31.5314 

0.000109 

NGFR 

5.9384 

0.001183 

CLDN7 

2.8327 

0.036800 

PLAU 

-3.6183 

0.004041 

CLU 

4.833 

0.021822 

PTGS2 

3.9591 

0.000003 

DLC1 

2.4499 

0.018090 

SCGB2A1 

2.8009 

0.012118 

ESR2 

3.1422 

0.038547 

SERPINB5 

16.6616 

0.000233 

FAS 

-2.5629 

0.000034 

SERPINE1 

3.6917 

0.008257 

FASLG 

9.1408 

0.010602 

STC2 

5.3278 

0.001767 

FOSL1 

-2.7357 

0.000378 

TFF1 

3.6224 

0.003828 

GATA3 

-2.6459 

0.012088 

TGFA 

-2.0492 

0.008134 

GSN 

3.2493 

0.000240 

THBS2 

13.9506 

0.000027 

ID2 

15.6074 

0.001580 

TNFAIP2 

-3.0531 

0.037264 

IGFBP2 

12.9484 

0.021366 

TOP2A 

-3.5808 

0.010860 

IL6 

2.7785 

0.000187 

TP53 

-5.7928 

0.004610 

IL6R 

4.7075 

0.002408 

Data  (expressed  as  fold  change  vs.  controls)  representative  of  three  independent  experiments 
(p<0.05).  Up-regulated  genes  are  in  red,  down-regulated  genes  are  in  blue. 


Supplemental  Table  2.  LBH589  induced  expression  changes  of  breast  cancer  related  genes 
in  MDA-MB-468  cells. 


Gene 

Fold  Change 

p-value 

Gene 

Fold  Change 

p-value 

CCNA1 

25.69 

0.004405 

MT3 

2.58 

0.047406 

CCNA2 

-2.89 

0.000510 

MUC1 

-3.26 

0.004271 

CCNE1 

2.06 

0.034962 

NGFR 

8.25 

0.001621 

CDKN1A 

4.57 

0.001671 

PAPPA 

3.46 

0.002328 

COL6A1 

9.08 

0.000665 

RAC2 

2.28 

0.023474 

CYP19A1 

10.69 

0.001384 

SCGB1D2 

-10.05 

0.000329 

FOSL1 

3.88 

0.009441 

SERPINB5 

3.29 

0.011926 

IGFBP2 

3.87 

0.005641 

SERPINE1 

9.40 

0.004054 

IL6 

36.21 

0.000351 

SPRR1B 

10.61 

0.000177 

IL6R 

4.32 

0.012499 

TFF1 

7.29 

0.002060 

ITGB4 

3.15 

0.001689 

THBS1 

2.08 

0.001811 

MKI67 

-2.66 

0.005104 

TOP2A 

-2.85 

0.047559 

Data  (expressed  as  fold  change  vs.  controls)  representative  of  three  independent  experiments 
(p<0.05).  Up-regulated  genes  are  in  red,  down-regulated  genes  are  in  blue. 


Supplemental  Table  3.  LBH589  induced  expression  changes  of  breast  cancer  related  genes 
in  MCF-7  cells. 


Gene 

Fold  Change 

p-value 

Gene 

Fold  Change 

p-value 

C3 

221.67 

0.036263 

JUN 

3.90 

0.028618 

CCNA1 

133.37 

0.011505 

KLF5 

2.93 

0.043037 

CCNA2 

-11.71 

0.000044 

KLK5 

6.48 

0.015973 

CCND1 

-5.47 

0.041624 

KRT19 

2.22 

0.027859 

CDKN1A 

7.16 

0.000022 

MKI67 

-8.09 

0.001231 

CLU 

8.79 

0.000165 

MT3 

13.03 

0.035126 

COL6A1 

2.91 

0.002925 

NGFR 

87.64 

0.012465 

DLC1 

2.46 

0.021622 

NME1 

-2.19 

0.006751 

ESR1 

-4.13 

0.000053 

PGR 

-2.02 

0.035412 

ESR2 

3.18 

0.038440 

PTGS2 

4.76 

0.024590 

FGF1 

2.63 

0.013574 

SCGB1D2 

7.01 

0.019844 

GSN 

3.40 

0.000614 

SCGB2A1 

106.52 

0.005723 

HMGB1 

-4.49 

0.003741 

SERPINB5 

32.51 

0.005101 

ID2 

4.90 

0.005877 

SERPINE1 

43.76 

0.001627 

IL6 

26.13 

0.000382 

SLC7A5 

2.70 

0.005534 

IL6R 

-2.44 

0.012947 

TOP2A 

-2.75 

0.008773 

ITGA6 

4.07 

0.006897 

TP53 

-12.06 

0.006725 

Data  (expressed  as  fold  change  vs.  controls)  representative  of  three  independent  experiments 
(p<0.05).  Up-regulated  genes  are  in  red,  down-regulated  genes  are  in  blue. 


